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Turbulence data were collected above and within the canopy of a black spruce forest in central 
Canada (in the southern study area of BOREAS). Streamwise (u), transverse (v) and vertical 
(w) wind speed were measured with 3-component sonic anemometers. Scalar transport within 
the canopy was studied using the heat fluxes from the some anemometers, and water vapour 
fluxes from two open-path infra-red gas analysers. As a result of instrumental errors, no CO2 
fluxes were obtained. 
Tree height (h) was approximately 10 m, and leaf area index was about 5. The narrow tree 
crowns produce a very open canopy. A zero plane displacement of 0.45 h was obtained from 
the mean momentum flux profile. This is lower than typical values, as was the attenuation 
coefficient, a, calculated from the mean wind speed profile, of 1.9. These probably result 
from the sparse foliage in the upper canopy, allowing relatively unrestricted air movement. 
The roughness length was found to equal 0.11 h. 
Profiles of mean velocity statistics were constructed to describe the turbulence regime within 
the forest canopy. Turbulence intensities were found to be high in the lower levels of the 
canopy. Above the canopy, skewness and kurtosis of the three velocity components had values 
close to those for a Gaussian distribution. In contrast, within the canopy, skewnesses were 
negative for w, and positive for u. Kurtosis values were high (up to 12 close to the ground), 
and integral Eulerian length scales revealed eddies with dimensions of the order of canopy 
height at the top of the canopy. These indicate that the air flow within the canopy is 
characterised by intermittent gusts of air penetrating from above the canopy. The turbulence 
profiles, when scaled by h or friction velocity, agree well with profiles from a wide range of 
other canopies. Non-dimensionalised variances of w, temperature and water vapour 
fluctuations, measured above the canopy, were found to vary with stability in accordance with 
Monin-Obukhov similarity theory. 
Quadrant analysis showed the transport of momentum and scalars to be intermittent, with 
50 % of momentum transport occurring in 3 - 8 % of the time. Instantaneous events six times 
larger than the mean scalar flux transported 20 - 50 % of the heat flux in 3 - 4 % of the time, 
and 50 - 80 % of the water vapour flux in 12 - 20 % of the time. Transport mechanisms were 
similar for all three entities, being dominated by ejections (updraughts) above the canopy, and 
gusts (downdraughts) within the canopy. 
Spectral analysis showed the peak frequencies for w and u fluctuations to be constant with 
height within the canopy, and at higher frequencies than above the canopy. The dominant 
turbulent length scales, calculated based on canopy-scale properties, were 1 - 3 h and 2 - 10 h 
for w and u respectively. Whereas the dominant length scales seem to scale with canopy 
height, the high-frequency characteristics of the spectra depend more on the nature of the 
individual canopy. Slopes steeper than -2/3 past the peak indicate loss of energy by form drag 
on plant elements. 'Shoulders' or plateaux at higher frequencies may be caused by wake 
production. These features violate the requirements for local isotropy. The peaks for scalar 
fluctuations were constant with height above and within the canopy. The cospectral peaks for 
momentum, heat and water fluxes corresponded with the w power-spectral peaks. Low fluxes 
within the canopy seemed to result from loss in cospectral densities in the region of the peak, 
rather than at high frequencies due to system loss. Closure of the energy balance below the 
canopy was reasonable when values were summed over the course of a day. The position of 
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the cospectral peaks for momentum were close to those for other canopies, when the frequency 
was normalised by h and wind speed at the canopy top. 
Fast response thermocouples were used to measure profiles of statistics of temperature 
fluctuations. Standard deviation, skewness and kurtosis of temperature all showed much less 
vertical variation than the velocity statistics. This may result from unstable conditions causing 
little thermal stratification, so there was only a small temperature gradient throughout the 
forest canopy. The surface-layer scaling relation for temperature variance was used to 
estimate sensible heat fluxes above, and also within the canopy. Estimated values were within 
10 % of those measured by eddy covariance for all heights above about 0.4 h. 
The knowledge obtained about the nature of turbulent transport of momentum and scalars 
helps to define the instrumental requirements for future experiments measuring fluxes within 
plant canopies. The emergence of canopy-scale properties as scaling variables for turbulence 
and turbulent transport within plant canopies has important implications for modelling 
exchange processes, as 'universal' relations may be established which restrict the need for 
intensive measurement of a wide range of turbulence parameters. 
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Atmospheric CO2 concentrations have been steadily rising since the industrial revolution, 
increasing from 280 to 360 ppm between 1800 and the present day (Houghton et at., 1990; 
Keeling et al., 1995). The rate of increase has been roughly proportional to industrial 
emissions from the burning of fossil fuels. An estimated 5.5 Gt of carbon is released annually 
from the burning of fossil fuels, with a further 1.6 Gt C yr 1 produced by land use 
modification. Of this, only about 3 Gt C yr 1 is seen as a rise in atmospheric carbon levels 
(Tans, 1993; Fung, 1994). The oceans are thought to act as a sink for up to 2 Gt C yr 1 , 
leaving about 2 Gt C yr 1 unaccounted for (Apps and Price, 1994). Modelling studies suggest 
uptake by terrestrial vegetation, particularly at high northern latitudes, as the 'missing sink' in 
the global carbon budget (Tans et al., 1990; Enting and Mansbridge, 1991; Ciais et at., 1995; 
Francey et at., 1995). The work presented in this thesis was done as part of the international 
experiment BOREAS (Section 1.3), which was set up to investigate the importance of boreal 
forests as a global CO2 sink. 
As the atmospheric CO 2 concentrations have risen, so has the average global air temperature, 
which has increased by between 0.45 ± 0.15 °C in the past 100 years (Houghton et at., 1990; 
1992). There is considerable debate as to whether this is merely natural climatic variability. 
However, the Intergovernmental Panel on Climate Change (Houghton et at., 1996) states that 
'the balance of evidence suggests that there is a discernible human influence on global climate'. 
With rising temperatures, other changes in climate are expected to occur, e.g. changes in 
precipitation patterns, soil moisture and cloud cover. Variations in climate are likely to have 
substantial effects on the distribution of vegetation across the earth's surface, which are 
expected to be seen first in zones of transitional vegetation. However, the feedbacks between 
vegetation and the atmosphere are complex (Kellog, 1983; Gifford, 1994), and the nature of 
plant-atmosphere interactions must be well understood in order to predict how vegetation will 
respond to, and influence, changing climate conditions. 
The development of realistic models of plant-atmosphere interactions requires detailed 
knowledge and understanding of a wide variety of interacting factors, such as photosynthesis, 
respiration, diffusion between the atmosphere and leaves, surface energy fluxes, and 
turbulence above and within plant canopies (Baldocchi, 1993). In the past ten years, prompted 
by rising atmospheric CO2 concentrations and fears of associated climatic changes, funding 
has enabled research to clarify partly our understanding of these processes. There has been a 
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series of large-scale, international and multi-disciplinary experiments studying surface-
atmosphere interactions, focusing on the transfer of water, CO 2. heat and trace gases between 
the land surface and the atmosphere, e.g. FIFE in central USA (Sellers et al., 1988); HAPEX-
MOBILHY in south-west France (Andre et al., 1990); EFEDA in Spain (Bolle et al., 1993); 
HAPEX-SAI-IEL in Niger (Goutorbe et al., 1994); and BOREAS in Canada (Sellers et al., 
1996) (see List of Acronyms). Measurements of vegetation-atmosphere exchange processes 
have been made on a wide range of spatial scales, from leaf- to regional-scale, to test scaling 
procedures, to paramaterise models of plant-atmosphere exchange processes, and to provide 
data for model validation. 
The interpretation of surface fluxes and exchange processes is based largely on knowledge 
derived from two earlier experimental programmes, in Kansas in 1968 (Izumi, 1971) and 
Minnesota in 1973 (Izumi and Caughey, 1976). These provided the first comprehensive 
analyses of the structure of turbulence in the atmospheric boundary layer. A key result was 
that atmospheric stability and measurement height proved to be important scaling variables 
for many turbulent parameters (Kaimal and Wyngaard, 1990; Garratt et al., 1996). The sites 
for these experiments were both extremely flat and uniform, and it is necessary to verify that 
the relationships established from the results obtained in Kansas and Minnesota are applicable 
to other sorts of less uniform, rougher terrain. 
Recently, research has focused on the flow regime within, and just above, plant canopies. It 
has been found that in this region, theories of turbulent exchange processes, applicable well 
above canopies, are no longer valid (Section 1.4). Our ability to model the transport of 
momentum and scalars in this environment is limited by an inadequate database of 
measurements on which to base model parametensation schemes, and against which model 
output can be tested. Models commonly incorporate assumptions on the nature of turbulent 
flow that are not borne out by measurements (e.g. Meyers and Paw U, 1987; Raupach, 1987). 
Measurements of turbulent exchange processes in the canopy environment are an essential 
part of improving our understanding of the mechanisms of exchange of scalars, such as water 
vapour, heat and CO2. between vegetation and the atmosphere. 
1.2 Aims 
The results presented in this thesis were obtained as part of BOREAS, which is described in 
more detail below (Section 1.3). Measurements of turbulence parameters, heat and water 
vapour fluxes were made in a black spruce forest, to investigate the turbulence regime and 
analyse the nature of momentum and scalar transport within and above the canopy. 
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The aims of this thesis are: 
To investigate the aerodynamic characteristics of the sparse black spruce forest, and to 
analyse the turbulence regime above and within the canopy. 
To investigate the validity of the surface-layer similarity relationships above the rough 
forest surface, and to compare them with those established in Kansas, above smooth surfaces. 
To identify the dominant scales of turbulence that influence the transport of momentum and 
scalars within the canopy environment. 
4) To assess the validity of eddy covariance as a method of flux measurement within forest 
canopies. 
1.3 BOREAS 
The BORea1 Ecosystem-Atmosphere Study (BOREAS) is an international science 
programme that was set up to enhance understanding of the interactions between boreal 
forests and the atmosphere (Sellers et al., 1991). Boreal forest, covering an area of 
approximately 11.6 x 106  km2 (Bonan et at., 1992), is the largest terrestrial biome, stretching 
through North America, northern Europe and Russia (Apps et al., 1995). Boreal forests are 
located in the region where the average temperatures are expected to show the largest increase 
(Manabe and Stouffer, 1980; Mitchell, 1983), and where there is thought to be a significant 
terrestrial CO2 sink (Tans et al., 1990; Enting and Mansbridge, 1991). The objectives of 
BOREAS are to improve process models which describe the exchange of heat, water, carbon, 
energy and trace constituents between the boreal forest and the atmosphere, and to develop 
methods for scaling-up these process models to apply them to regional scales (Sellers et al., 
1994). 
Field measurements in BOREAS were made in two study areas: the Northern Study Area 
(NSA), near Thompson in Manitoba, and the Southern Study Area (SSA), near Prince Albert 
in central Saskatchewan. The NSA and SSA are situated towards the northern and southern 
limits of the boreal forest biome respectively (Figure 1.1). Six science groups were set up: 
tower fluxes, terrestrial ecology, trace gas biochemistry, hydrology, remote sensing science, 
and airborne flux and meteorology. Measurements were made across a range of sites, 
representing the different vegetation types in the boreal forest. A preliminary field season took 
place in 1993, with the main data collection occurring throughout 1994 and 1996. The 







•_\ Y .... ' '..; •.;-- 
measurements of fluxes of CO 2. heat, water vapour and momentum above the black spruce 
forest in the SSA. Other measurements being made by the group include heat and water fluxes 
within the canopy, CO2 concentration profiles, soil heat flux and CO 2 efflux, canopy 
turbulence measurements, and comprehensive meteorological observations (Jarvis et al., 
1996). 
1.4 Turbulent Exchange Within and Above Plant Canopies 
The conservation budgets for mass, momentum and scalars form the basis of turbulent 
transfer theories. Two frameworks exist for the analysis of the conservation equations: 
Eulerian and Lagrangian. The Eulenan (or fixed-point) framework considers movement of air 
past a single point in space, whereas the Lagrangian (or fluid-following) framework traces the 
trajectories of marked particles (Raupach, 1989; Baldocchi, 1993). 
Measurement of turbulent fluxes in the surface layer allows closure of first-order conservation 
equations, and has traditionally been accomplished within a Eulerian framework, using flux-
gradient theory (also known as K-theory)(Finnigan, 1985). This describes atmospheric 
transport as occurring by turbulent diffusion along the mean concentration gradient of the 
entity (Denmead and Bradley, 1985), and assigns a turbulent diffusivity, K, to describe the 
rate of transport along the gradient (see Fowler and Duzyer, 1989, for a review of flux-
gradient techniques). 
However, Corrsin (1974) suggested that K-theory was an inappropriate method for calculating 
turbulent fluxes within plant canopies, and this has been borne out by two lines of 
experimental evidence. Firstly, measurements of turbulent length scales within and just above 
plant canopies have revealed eddy motions of the order of canopy height, indicating that the 
turbulent transfer of momentum and scalars may be influenced by large-scale incursions of air 
from above the canopy, rather than by small scale motions along the local concentration 
gradient (Denmead and Bradley, 1985; Finnigan, 1985). Secondly, the development of eddy 
covariance as a means of directly measuring turbulent fluxes, without recourse to assumptions 
about diffusion coefficients, has demonstrated the existence of counter-gradient fluxes of both 
momentum (e.g. Legg and Long, 1975) and scalars (e.g. Denmead and Bradley, 1985) within 
plant canopies. The influence of large-scale turbulence within canopies has important 
implications for using eddy covariance in this environment, where the high-frequency local 
eddy motions may be outwith the frequency response of the measurement system. The 
dominance of large eddies in the transport of momentum and scalars ensures that a high 
proportion of flux transport is achieved by eddies within the resolution of the instruments. 
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The Lagrangian approach to studying turbulent transfer processes involves tracing marked 
particles that have come into contact with a scalar source, and thereafter carry that scalar. To 
model the trajectory of a 'carrier' particle, knowledge of the turbulence statistics defining the 
wind field is required a priori. Statistics measured within a Eulenan framework are 
commonly used. Data from a range of turbulence experiments in real and artificial canopies 
indicate that a wide variety of turbulence parameters, such as time scales, variances, and 
higher-order moments, scale with canopy height and friction velocity, regardless of the finer 
details of canopy structure. This has important implications for Lagrangian modelling, as it 
may be possible to draw on universal profiles of canopy turbulence statistics, based on a 
knowledge of only two canopy-scale parameters. 
1.5 Thesis Layout 
The remainder of this thesis is set out as follows: 
Chapter 2 introduces the analysis methods used to describe the turbulence characteristics in 
and above the forest, and to analyse the nature of turbulent transport of momentum and 
scalars. The eddy covariance method is discussed as a means of measuring turbulent fluxes, 
and flux correction schemes are outlined. 
Chapter 3 gives a description of the site and the instrumentation, logging methods and 
analysis of the data. Results are presented from tests of the instruments when deployed 
together for comparative purposes. 
Chapter 4 presents profiles of turbulence statistics measured above and within the canopy, 
including integral time and length scales of turbulence, and investigates similarity relations for 
the surface-layer scaling of variances of wind speed and scalars. 
Chapter 5 uses the technique of quadrant analysis to investigate the extent to which the 
transport of momentum and scalars above and within the forest is dominated by large, 
intermittent events penetrating from above the canopy. 
Chapter 6 presents a spectral analysis of velocity and scalar fluctuations above and within the 
forest. The results are used to identify dominant time and length scales of turbulence and 
turbulent transport. Considering the results from this and the previous chapter, it is discussed 
whether eddy covariance is a suitable technique for flux measurement within plant canopies. 
An attempt is made to close the energy budget below the canopy, using heat fluxes measured 
by eddy covariance. 
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Chapter 7 investigates the usefulness of profiles of temperature statistics, measured with fast-
response thermocouples, for reconstructing the patterns of turbulent flow shown by the 
velocity statistics. Similarity relations for the variance of temperature are used to estimate 
fluxes of sensible heat above and within the forest canopy. 
Chapter 8 summarises the main results of this study of turbulent transport, and discusses the 
implications for the measurement and modelling of turbulent exchange processes within plant 




Turbulence is a stochastic process that cannot be precisely measured or predicted, and must 
be described using statistics that refer to the mean characteristics of the flow (Panofsky and 
Dutton, 1984). Ideally, statistics would be presented as ensemble averages, i.e. from 
measurements obtained over a number of identical realisations. However, outside a laboratory 
this is not possible, and statistics are measured either at different points in space, to yield a 
spatial average, or at different points in time, giving a time average. In practice, turbulence 
measurements are usually measured as time-averaged statistics, because only one instrument 
is required. If the turbulent flow is homogeneous and stationary (i.e. not changing in space or 
time) then the spatial and time averages can be assumed to equal the ensemble average (the 
ergodic hypothesis). 
To obtain an informative picture of the mean flow characteristics, the wind vector is broken 
down into three components: a streamwise component, u, which is parallel to the streamlines 
of the mean flow; a transverse component, v, which is perpendicular to u in the plane of the 
streamlines; and a 'vertical' component, w, which is perpendicular to the streamlines. If the 
streamlines are not parallel to the underlying surface, w will not be truly vertical. 
This chapter introduces some basic micrometeorological concepts, and describes the range of 
statistical methods used in this thesis to describe the mean turbulent flow characteristics based 
on time series of three-component wind velocity data. Eddy covariance, a method of 
calculating mean turbulent fluxes of momentum and scalars, is described. Atmospheric power-
and cospectra are discussed, with reference to the frequency corrections that are required for 
eddy covariance flux measurements. Quadrant analysis is then considered as a method for 
providing information on the mechanisms of turbulent transport. Similarity relations in the 
surface layer, with application to flux measurement, are discussed briefly. 
2.2 Micrometeorological Concepts 
2.2.1 Structure of the atmospheric boundary layer 
The atmospheric boundary layer (ABL) can be defined as the layer of the atmosphere which is 
directly influenced by conditions at the Earth's surface on time scales of less than a day. In 






Inertial sublayer 	 Inner (surface) 
(constant flux layer) layer 
 -- - - - — - - - - - - - - - - - - - - - - - - - - -- - - - -- 
Roughness 
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Figure 2.1 Schematic representation of the vertical structure of the atmospheric 
boundary layer over an aerodynamically rough surface such as a forest, where z 
is height, hBL  is boundary layer depth and z0 is roughness length. (Adapted from 
Garratt, 1992.) 
heating of the surface, induce a state of turbulent flow, which characterises the ABL and 
ensures efficient mixing throughout its depth (Stull, 1988). 
The ABL is divided into an outer layer and an inner, or surface, layer (Figure 2.1). The outer 
layer is dominated more by rotation of the earth than by surface influences (Sutton, 1953). 
The surface layer occupies the lowest 10 % of the ABL and, in contrast to the outer layer, 
rotational forces are negligible and surface forcing dominates the flow. This is the region with 
the most significant fluxes of momentum (shear stress), heat and other scalars. The surface 
layer is divided into two regions. The roughness sublayer is that portion of the surface layer 
that is directly affected by the surface roughness elements, and it lies just above and within the 
level of these elements (Raupach et al., 1980). The remainder of the surface layer is known as 
the inertial sublayer or constant flux layer. As suggested by the name, fluxes in this layer are 
approximately constant with height, and the logarithmic wind profile exists in this region 
(Section 2.2.5). 
2.2.2 Mean and turbulent flow 
Figure 2.2 illustrates the relative amounts of energy associated with air movements occurring 
at different time scales, for measurements of horizontal wind speed near the ground. A clear 
separation is evident between large-scale motions, occurring on time scales of hours to days, 
and small-scale motions, with cycles repeating many times an hour. The dip in the spectrum, 
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Figure 2.2 Schematic power spectrum of wind speed near the ground, showing the relative 
energy contributions from fluctuations of different frequencies (redrawn from Stull, 1988). 
at a time scale of about one hour, is referred to as the spectral gap, and it separates low-
frequency synoptic-scale motions from high-frequency turbulent flow. Variations in air flow in 
the boundary layer can be visualised as a series of rotational eddies of various sizes 
superimposed on the streamlines of a mean air flow. The instantaneous value of any 
fluctuating variable (A) can be expressed as the sum of the mean (A) and the fluctuating (a) 
components (Figure 2.3) i.e. 





Figure 2.3 Schematic time trace of a fluctuating atmospheric variable, A (which could be 
e.g. wind speed, temperature or scalar concentration) showing the instantaneous value as a 
deviation about the mean value. 
By separating the mean and the turbulent parts of the flow in this manner, it is possible to 
study the nature of turbulent fluctuations in isolation from the mean conditions. A variety of 
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techniques are available to analyse time series of turbulence fluctuations, such as the use of 
statistics to define the mean characteristics of turbulent flow, and spectral analysis, which 
reveals information about the dominant time scales of turbulent motions. 
2.2.3 Taylor's hypothesis 
Taylor's hypothesis (also known as the frozen eddy hypothesis), proposed in 1938, suggests 
that by assuming that an eddy remains unchanged as it is advected past the measurement point 
at a mean wind speed, U, information gained about the time scale ('1) of the eddy may be 
translated into a length scale (A) by 
U=A/T 	 [2.2] 
This enables the dimensions of the eddies to be visualised, and this is a valuable tool when 
turbulence measurements are made at a single point in space. Taylor's hypothesis only holds if 
turbulence intensities are low, such that the eddies are evolving sufficiently slowly that they do 
not change as they pass the sensor. This condition may be applicable above a plant canopy, 
but often fails in the highly turbulent conditions within a canopy. 
2.2.4 Mechanisms of turbulent flow 
In neutral atmospheric conditions there is little surface heating to encourage thermal 
stratification of the ABL. In the absence of this convective forcing, turbulence is generated 
mechanically by friction between the air flow and the surface causing perturbations in the 
flow, which cause it to break up into chaotic eddy motions. In unstable atmospheric 
conditions, convective turbulence, driven by surface heating, dominates over mechanical 
turbulence except near to the ground surface. Turbulence is suppressed in stable conditions, 
and very little mixing of the ABL takes place. 
2.2.5 The logarithmic wind profile 
As a result of friction at the ground surface, wind speed increases with height, causing a 
downward flux of momentum (r). In the constant flux layer above a surface with a short 
vegetation cover, the change in wind speed (u) with height (z) conforms to the relation: 
du [141 
[2.3] 








U 	 U 
Figure 2.4 The form of the logarithmic wind speed profile 
above (a) short vegetation and (b) a forest. 
where k is the von Karman constant (0.41), cbm  is a stability correction factor, and u1 is the 
friction velocity, which is related to the momentum flux by u = - ( zip)"2, where p is the 
density of air (Figure 2.4a) (Oke, 1978). 







where 20  is the height above the surface at which the mean horizontal wind speed extrapolates 
to zero. A plot of ln(z) against wind speed yields a straight line for measurements of wind 
speed made above the roughness sublayer, in neutral conditions. The gradient of the line is 
us/k. The intercept, z0, indicates the aerodynamic roughness of the surface; the rougher the 
surface, the larger the shear stress will be for a given wind speed, so the wind will be reduced 
to zero at a higher level above the ground (high z0) (McIntosh and Thom, 1981). 
This wind profile is modified above a surface with tall vegetation by the addition of the zero 
plane displacement (d), which represents the vertical displacement of the logarithmic profile 
by the vegetation (Figure 2.4b). Equation 2.4 becomes: 
U(Z) _ _ ( 	 [2.5] 
k 	0 
Values of z > are usually around 0.1 h, where h is the height of the vegetation elements, and d 
has been found to lie within the range 0.6 - 0.9 h (Jarvis etal., 1976). 
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2.2.6 Measurement fetch 
When air flow crosses a transition in surface roughness, e.g. from a smooth to a rough 
surface, an internal boundary layer (IBL) forms, where the air flow is in equilibrium with the 
new surface (Monteith and Unsworth, 1990). The depth of the IBL increases with distance 
from the edge, and measurements must be made within this layer if they are to describe the 
turbulence and flux characteristics of the underlying surface. Above the IBL, flow 
characteristics reflect the nature of the surface further upwind. The fetch is the extent of a 
uniform surface upwind from the measurement point, and the required fetch for turbulence 
measurements is dependent on measurement height, surface roughness and stability (Leclerc 
and Thurtell, 1990). Munro and Oke (1975) suggested that generalised fetch to height ratios 
should not be applied blindly to all surfaces, and that the roughness characteristics of the 
particular surface should be considered. Gash (1986a) and Kruijt (1994) made turbulence 
measurements downwind from a roughness transition (heath-forest and grassland-forest, 
respectively). They found that the fetch should be between 16 (z - d) and 48 (z - d) in order for 
turbulence parameters to reach equilibrium with the underlying surface. 
The flux footprint is defined as the area upwind that affects measured scalar fluxes, and 
several authors have tackled the problem of estimating this area, and its variation with 
measurement height (e.g. Gash, 1986b; Leclerc and Thurtell, 1990; Schmidt and Oke, 1990; 
Horst and Weil, 1992). Following the approach of Schuepp et al. (1990), and incorporating 
the influence of stability (Lloyd, 1995), the relative contribution to the scalar flux density, Fd, 
can be related to distance upwind, x, by: 
F = - 2Xmaxm e 2x,q5/x 	 [2.6] 
d 
where xmax  is the distance upwind at which the source strength reaches a peak, calculated as: 
u(z - d) 
Xm = 	0 [2.7] 
2u.k 
where u is the average wind speed in the layer between the measurement height and the 
surface, calculated as: 
- u.[ln((z—d)/z 0)-1+z0 /(z—d)] 
u= 	 [2.8] 
k(1—z 0 /(z—d)) 
Figure 2.5 shows the relative contribution to the total scalar fluxes with upwind distance from 






























Distance upwind from measurement point (m) 
Figure 2.5 The flux footprint for measurements of a scalar flux, illustrating the relative 
contribution to the flux with distance upwind from the measurement point. This example 
is for unstable conditions (see text for details). 
in unstable conditions (sensible heat flux, H, = 300 W rn-2 ; temperature, T, = 25 °C). The 
peak contribution to scalar fluxes comes from a distance about 70 m upwind from the 
measurement location, with about 90 % of the flux originating within 1 km of the 
measurement point. 
2.2.7 Energy balance 
The net radiation (Re) received by a surface must be balanced by energy leaving the surface in 
the form of fluxes of sensible (H) and latent (AE) heat, and soil heat flux (G). If the surface is 
vegetated, and measurements are being made at the upper and lower boundaries of a layer, 
then an energy storage term (5') must also be considered (Arya, 1988). The energy budget is 
shown diagramatically in Figure 2.6, and can be represented as: 
H+RE=R-G-S 	 [2.9] 
If the heat fluxes are measured by eddy covariance (Section 2.5) above the surface, it is 
important that fetch requirements are met. If not, the values of H and RE will reflect the 
energy characteristics of a different surface from the measurements of R and G, and the 
energy budget will not close (Lloyd, 1995). Measurement of the terms in Equation 2.9 
provides a valuable method for testing the accuracy of sensible and latent heat fluxes 
measured by eddy covariance, either above or within plant canopies (Anderson et al., 1984; 
Verma et al., 1989; Lee and Black, 1993b). 
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I 'T   
Figure 2.6 Schematic representation of the components of the energy budget of a 
surface. The storage term, S, is necessary if the inputs and outputs are measured at 
the upper and lower boundaries of a layer. 
2.3 Turbulence Statistics 
2.3.1 Mean 





where A t is the value of A at time t, and Nis the number of points in a data series. 
2.2.2 Variance, standard deviation and turbulence intensity 
The variance of a variable A, denoted by 0A2,  is a measure of the dispersion about the mean of 
that variable. It is the mean of the square of the fluctuations: 
iN-i - 	
[2.11] 
From Equation 2.1 and 2.10 it can be seen that this may also be written as: 
2- , 
0A - a [2.12] 
where a' represents a fluctuation about the mean. The square root of the variance, the standard 
deviation (aA),  is in the same units as the original data. In measurements of atmospheric 
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turbulence, the standard deviations of the u, v and w components of wind speed are used to 
describe the magnitude of turbulent fluctuations in the horizontal and vertical directions. 
A coefficient of variation called the turbulence intensity 
('n) is calculated as 
Ix ax 	 [2.13] 
where x = u, v or w. This normalises the standard deviation with respect to the mean wind 
speed (U). A high turbulence intensity indicates that the turbulent fluctuations are of the same 
order of magnitude as the mean wind speed. Turbulence intensity tends to increase with depth 
within a plant canopy, as the mean wind speed decreases faster than the standard deviation of 
the velocity fluctuations. In such highly turbulent environments, Taylor's hypothesis becomes 
invalid, because the eddies are changing form as they pass the sensor (Baldocchi and Meyers, 
1988). However, Taylor's hypothesis is often applied within a plant canopy to provide an 
indication of the local scale of turbulence, despite the inevitable errors (e.g. Amiro and Davis, 
1988). 
2.3.3 Skewness and kurtosis 
The skewness of a distribution represents the relative contributions of fluctuations above and 





The skewness of a distribution is negative if there is a bias towards values lower than the 
mean, and positive if there is a bias towards values higher than the mean. A normal 
(Gaussian) distribution has a skewness of zero (see Figure 2.7a). 
Kurtosis indicates the degree of peakedness of a distribution. It is calculated as: 
(a') 
KA= 4 [2.15] 
A normal distribution has a kurtosis of 3, a more peaked distribution has a kurtosis of more 










Figure 2.7 Schematic frequency distributions showing (a) positive and negatively skewed 
distributions, and (b) distributions with kurtoses higher and lower than three. 
The skewness and kurtosis of the u, v and w components of wind speed have been used in 
studies of turbulence within plant canopies to indicate the extent to which the air flow in such 
an environment is governed by large-scale, intermittent events. S has generally been found to 
be positive, and S negative within canopies, representing air flow with a horizontal wind 
speed faster than the mean, penetrating downwards through the canopy. High values of K 
indicate that these gusts are intermittent (e.g. Amiro and Davis, 1988; Raupach, 1988). 
2.3.4 Covariance 
The covariance between two variables describes their covariation. It is given by the mean 
product of the fluctuations of two series, A and B, i.e. 
QA, B) - (a'b') 
	
[2.16] 
The resulting value depends on the units in which the variables are measured. Calculating the 
covariance between two fluctuating atmospheric variables (e.g. vertical wind speed and 
temperature) forms the basis of flux measurement by the eddy covariance method (Section 
2.5). 
2.3.5 Correlation coefficient 
The correlation coefficient, r, is a standardised form of the covariance, which is independent 
of the units on measurement. It is a measure of the degree of association between two 
variables. It is obtained by dividing the covariance by the product of the standard deviations of 
the two variables, i.e. 
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(a'b') 
rAB = 	 [2.17] 
oAcTB 
The value of r ranges from +1 (for a perfect positive relationship), through zero (representing 
no relationship) to -1 (a perfect negative relationship). 
2.3.6 Time and length scales 
The autocovariance of a time series is the covariance of the signal at time, t, with the signal at 
another point in the series, represented by a time lag, t. The autocovariance is calculated as: 
R =a'(t).a'(t+r) 	 [2.18] 
From this, integral Eulerian time scales of turbulence can be calculated, as 
co T. 	 [2.19] 
o_x 0 
where x = u or w for streamwise and vertical time scales, respectively. Note that the division 
of the autocovariance function by the variance produces an autocorrelation function, which is 
independent of the original units of the time series. The general form of the function is shown 
in Figure 2.8, plotted against r. At a lag of zero (r = 0), the signal is being correlated with 
itself at the same point, and the autocorrelation function is equal to unity. It then displays an 
approximately exponential decrease until reaching zero (at lag r0). At lags greater than c 
there are small fluctuations above and below zero. In practice, the time scale is taken to be the 
integral between r= 0 and ç,  the first zero-crossing of the autocorrelation function. The small 
fluctuations that occur at larger lags are thought to have negligible effect on the magnitude of 
the resulting time scale. 
T and T  represent the length of time over which a fluctuating velocity signals remains 
correlated with the value at time t = 0. For velocity fluctuations, the autocorrelation indicates 
the 'persistence' of an eddy: a large eddy will take longer to pass a sensor than a small eddy, so 
the velocity signal will remain correlated for longer. 
Assuming that Taylor's hypothesis holds, these time scales can be converted into integral 
length scales of turbulence, giving a measure of the distance over which the velocity signals 







Time lag, v 
Figure 2.8 The form of the autocorrelation function for velocity fluctuations. The integral 
time scale of turbulence is taken as the integral between r =0 and r.,. 
Two methods appear in the literature for calculating vertical and horizontal Eulerian length 
scales (L u and L  respectively). The first uses the appropriate time scale, and the mean 
horizontal wind speed (e.g. Allen, 1968; Raupach, 1988; McCracken, 1993; Green et al., 
1995): 
	
TUU 	 [2.20] 
LW TWU 	 [2.21] 
The second method uses only the vertical time scale, T,  and utilises the standard deviation of 
vertical velocity fluctuations (e.g. Wilson et al., 1982; Amiro and Davis, 1988; Baldocchi and 
Meyers, 1988a): 
L=TU 	 [2.22] 
[2.23] 
Aniiro (1990) states that the choice of length scale is arbitrary; in a highly turbulent 
environment such as within a plant canopy, the breakdown of Taylor's hypothesis means that a 
length scale based on wind speed is no more meaningful than one based on standard deviation. 
In this thesis, the methods outlined in the review of turbulence in plant canopies by Raupach 
(1988) is followed and the first method above is used (Equations 2.20 and 2.21). 
The data presented by Raupach (1988) show that for a wide range of real and artificial 
canopies the integral length scales of turbulence at the canopy top have sizes of the order of 
canopy height. This information, coupled with the intermittent nature of turbulence illustrated 
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by the skewness and kurtosis data in plant canopies, suggests that turbulence within a plant 
canopy is dominated by incursions of air from above the canopy, in the form of canopy scale 
eddies. 
2.4 Spectral Analysis 
Spectral analysis enables time series of data to be represented in the frequency domain. The 
power spectrum of a data series illustrates the contribution to the total variance of the series 
from fluctuations operating across a range of frequencies (Panofsky, 1955), and may be 
represented as follows (Garratt, 1992): 
00 = 5S(n)dn 	 [2.24] 
where n is the natural frequency (Hz), and S(n) is the spectral density at frequency n. The 
spectral density function and autocovariance function of a time series form a Fourier 
transform pair, related as follows: 
00 
S(n) = 	 [2.25] 
0 
Go 
RAA 	= 1 SAA (n)e 2'dn 	 [2.26] 
0 
A relation corresponding to that in Equation 2.24 can be defined for the covariance of two 
variables in a data series: 
(a'b') = fC(n)dn 	 [2.27] 
where C(n) is the cospectral density at frequency n. Cospectra indicate the extent to which 
fluctuations occurring at each frequency contribute to the covariance, and the covariance is a 
measure of the turbulent flux of an entity (Section 2.5). Cospectra, therefore, illustrate the 
frequencies responsible for the turbulent flux; this dictates the frequency response of the 
instrumentation used to measure these fluxes (Panofsky and Dutton, 1984). 
Spectra of fluctuations of atmospheric variables are commonly plotted in log-log form, to 
display the wide range of frequencies and spectral densities (Stall, 1988). Multiplying the 
spectral density by frequency gives the same units as the variance of the series. The axes are 
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Figure 2.9 Typical form of a power spectruth of velocity or scalar fluctuations in the 
surface layer. The normalised spectral density, S(n)/o, is multiplied by frequency, n (Hz) 
giving a gradient of -2/3 in the inertial subrange. 
often non-dimensionalised, so spectra can be compared between different measurement 
conditions. The x-axis is normalised by the variance (for power spectra) or the covariance (for 
cospectra). A non-dimensional frequency, f is usually defined as f = nz/U above non-
vegetated surfaces, or f = n(z - d)/U above vegetation. The use of a non-dimensional 
frequency helps identify scaling variables, and allows comparison of spectra between different 
measurement conditions. 
Figure 2.9 shows the form of a typical velocity power spectrum in the surface layer, plotted in 
log-log form, as nS(n)/o2 against n. The spectrum can be divided into three regions. Most of 
the energy is produced and contained in the energy-containing subrange. The peak in this 
region represents the dominant time scale of the turbulent fluctuations. Assuming that Taylor's 
hypothesis is valid, these time scales can be converted into length scales, indicating the size of 
the dominant, energy-containing eddies. 
In the inertial subrange there is no creation or destruction of energy. Instead, there is a transfer 
of energy in a cascade from large eddies to progressively smaller ones, until they become 
small enough to succumb to viscous forces and are converted into heat in the dissipation 
subrange. Because there are no sources or sinks of energy in the inertial subrange, it was 
proposed by Kolgomorov that the spectral densities of velocity fluctuations in this region 
depend only on E (the rate of dissipation in the dissipation subrange) and K (wavenumber), and 
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for scalar fluctuations also on x (the dissipation rate of turbulent fluctuations of the scalar). 
Dimensional analysis gives the relationship for velocity power spectra as: 
SQc) = ae213K 	 [2.28] 
and for scalar power spectra as: 
S(c) = bx
113
ic 513 	 [2.29] 
where a and b are constants (Panofsky and Dutton, 1984). Clearly, for both velocity and 
scalar spectra, 
S,(ic) a ic-513 
	
[2.30] 
If wavenumber is related to frequency by Taylor's hypothesis as K = 2 nn / U, then Equation 
2.30 can be written 
S,(n) a fl-513 
	
[2.31] 




which results in a slope of -2/3 in the inertial subrange on a power spectral plot as shown in 
Figure 2.9. 
Cospectra of atmospheric variables display a similar, hump-shaped form to power spectra, but 
the cospectral densities decrease more rapidly in the inertial subrange. The following relation 
applies in this region to cospectra of vertical velocity, w, and x, where x is streamwise velocity 
or a scalar (Wyngaard and Coté, 1972; Kaimal and Finnigan, 1994): 
nC(n) a ir413 	 [2.33] 
which results in a slope of -4/3 in the inertial subrange. 
The form of power spectra and cospectra of atmospheric variables became well established 
from results from the Kansas experiments (e.g. Kaimal et al., 1972; Wyngaard and Coté, 
1972). With frequency normalised by height (z) and wind speed (U), i.e. f = nzIU, the 
position of the spectral (and cospectral) peak, in stable conditions, shows a progressive shift 
towards higher frequencies as stability decreases. For unstable conditions, the spectral peaks 
show less pronounced variation, and do not scale well with stability. Using the results from 
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Kansas, Kaimal et al. (1972) produced a set of equations representing 'ideal' power and 
cospectra over smooth, homogenous surfaces. These will be discussed further in Section 2.5.2, 
in the context of corrections to measured turbulent fluxes. 
Power and cospectra with the forms described above apply to measurements made well above 
smooth surfaces or plant canopies. Within plant canopies, height and wind speed have proved 
to be unsuccessful for scaling spectral peaks (Baldocchi and Meyers, 1988b; Amiro, 1990b), 
and work has been ongoing to find a suitable non-dimensional frequency for use within 
canopies (Kaiinal and Finnigan, 1994; Finnigan and Brunet, 1995). Furthermore, in the region 
of the inertial subrange, air flow interacts with branches and foliage in such a way as to 
absorb energy at low frequencies, and generate it at higher frequencies (Raupach and Shaw, 
1982). This violates the conditions defining the inertial subrange, and the power laws 
described in Equations 2.32 and 2.33 no longer apply. Power spectra of velocity components 
measured within plant canopies indicate the relative importance of large-scale, shear-generated 
turbulence and small-scale, wake-generated turbulence. 
2.5 Turbulent Fluxes 
2.5.1 Eddy covariance theory 
Eddy covariance theory defines a turbulent flux as the mean covariance between two 
fluctuating quantities. In the case of vertical fluxes, one is concerned with the covariance 
between vertical wind speed (w) and the entity of interest (x). The flux is given as: 
F. = wx 
	
[2.34] 
By writing w and x as the sum of the mean and fluctuating parts, this can be written as 
= (w+w')(x+r') 	 [2.35] 
Using Reynolds averaging, this becomes 
F.= 	 [2.36] 
The assumption of homogeneity implies w = 0, so the flux becomes the mean covariance of 
the instantaneous fluctuations (also see Equation 2.16): 
F=w'x' 	 [2.37] 
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The vertical fluxes of sensible and latent heat, CO 2 and momentum are defined as follows: 
sensible heat flux (W rn -2) 
latent heat flux (W rn-2) 




momentum flux (shear stress) (N rn -2) Z= P"' 	 [2.41] 
where Pa  is density of dry air (kg rn -3); Cp is the specific heat capacity of dry air (J kg - ' K- '); 2 
is latent heat of vaporisation of water (J kg -1 ); E is water vapour flux (kg nn -2 s'); T is 
temperature (K); q is specific humidity (g kg -1); p is density of CO2 (imol rn-3); u and w are 
streamwise and vertical velocity, respectively (m s'). 
2.5.2 Flux corrections 
Two sets of corrections must be applied to fluxes measured by eddy covariance: 
corrections for imperfect frequency response of the measurement system, and 
corrections for changes in air density due to simultaneous heat fluxes (referred to as WPL 
corrections, after Webb, Pearman and Leuning, 1980). 
Frequency corrections 
No system measuring turbulent fluctuations can detect air movement at all scales. The time 
response of a sensor limits the time scale at which it can discriminate eddies, and the size of a 
sensor limits the spatial resolution. Fluxes measured by eddy covariance are therefore smaller 
than the actual flux due to. frequency losses of the system (Garratt, 1975). Moore (1986) 
presented a series of transfer functions, from which the amount of signal loss at each 
frequency can be calculated for a specified sensor characteristic. Using a model cospectral 
curve which represents the total cospectral density at each frequency, the 'real' flux can be 
reconstructed from the measured flux by calculating the amount of flux lOSS at each 






where T(n) is the total system transfer function, and C(n) is the ideal cospectral response 
representing the flux, F  (Moore, 1986). 
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The total transfer functions applying to the measurements of vertical fluxes presented in this 
thesis are the product of four individual functions for momentum and heat fluxes, and eight 
functions for water vapour and CO 2 fluxes. The individual transfer functions account for the 
effects of a low pass filter, to remove aliasing; a digital running mean, to remove trends in the 
data; the dynamic response times of the instruments; the mismatch in response times of the 
instruments; averaging over the path of the sensors; and the separation of the sensors. The 
equations representing each of these transfer functions are given in Appendix A. 1. 
The cospectral models commonly used to represent the ideal cospectral response of a 
measurement system are those of Kainial et al. (1972). They have been widely used for flux 
measurements in studies similar to the one reported here (e.g. Suyker and Verma, 1993; 
RiBman and Tetzlaff, 1994; Moncrieffet al., 1996). Although the models were developed over 
flat, uniform terrain, they are frequently used as a basis for corrections to flux measurements 
made over rougher surfaces such as forests. All of the flux measurements presented in this 
thesis were made in unstable, day-time conditions, so only the unstable forms of the model 
cospectra are discussed below. 
The cospectrum of sensible heat (w' T') is given as follows: 
- 	 12.92f 
forf< 0.54 	 [2.43] nCWT(n) 
- (1+26.7f)"375 
- 4.378f 
forf~ 0.54 	 [2.44] nCWT(n) 
- (1 + 3 . 8f)2.4 
It is assumed that the cospectra of other scalar fluxes, such as water vapour and CO 2. also 
conform to this model. This has been verified by a number of studies showing temperature, 
water vapour and CO 2 to have similar cospectral responses (e.g. Ohtaki, 1984; Anderson et 
al., 1986). 
The cospectrum of momentum (uw') is given as follows: 
nC(n)= 
20.78f 
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In unstable conditions, the magnitude of the total flux correction is dependent only on wind 
speed. For the instruments used in this study, the flux losses are less than 2 % for sensible 
heat flux, and range from 3 to about 15 % for latent heat and CO 2 fluxes, being largest at low 
wind speeds. The total transfer functions for measurements of fluxes of momentum, sensible 
and latent heat and CO2 are shown in Figure 2.10 for a moderate and a low wind speed. If the 
Kainial cospectra are representative of conditions above the forest canopy, and the transfer 
functions are correct, then the Kaimal cospectra multiplied by the transfer function will 
coincide with the measured cospectra. This is explored in Chapter 3. 
n(Hz) 
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Figure 2.4 Total transfer functions for fluxes of water vapour and CO 2. 
and sensible heat and momentum, at moderate (3.5 ms') and low (1 ms) 
wind speeds. 
WPL corrections 
Simultaneous fluxes of sensible and latent heat cause changes in air density, which alter the 
density of the gas being measured. Corrections must therefore be applied to the fluxes of 
gases, such as CO2 and water vapour, which are measured as a density rather than as a 
mixing ratio. Several authors have published methods for correcting fluxes for the effects of 
density changes (e.g. Bakan, 1978; Jones and Smith, 1978). The form of the corrections 
widely accepted are those published by Webb, Pearman and Leuning (1980). 
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Assuming there is no net flux of dry air, the density changes caused by heat fluxes create an 
associated non-zero mean vertical velocity. As discussed above, eddy covariance theory 
assumes that the mean vertical velocity is zero, and so ignores the first term in Equation 2.36. 
In the presence of a non-zero w, the calculated fluxes will clearly be in error. WPL developed 
the following expressions for correcting the measured fluxes of water vapour (E) and CO2 
(Fe) using simultaneous measurements of sensible and latent heat fluxes: 
'WPL = (1+cr)[Eraw 
+(E ,eY_H)1 	 [2.47] 
P)CP T)] 
'.WPL = FMW +('.PY_ 	 [2.48] 
 :— P—') P I 'WPL 
where -' is water vapour density (kg rn -3); p is density of moist air (kg m-3); p is the ratio of 
the molecular masses of dry air and water vapour; a is p 'Pa 
The WPL correction to the latent heat flux is small (generally < 10 % for data collected in this 
study). The correction to the CO 2 flux consists of terms related to both latent and sensible heat 
flux. The first of these was found to be relatively small (generally 10 - 20 % of the raw flux), 
but the correction term for sensible heat was commonly 100 - 200 % of the raw flux. It can be 
seen that a correction term of this magnitude, acting in opposition to the measured flux, will 
change the direction of the flux. This is discussed further in Chapter 3. 
The validity of the WPL approach as a method of correcting eddy covariance fluxes was 
demonstrated by Leuning et al. (1982). Eddy covariance measurements above an arid, 
vegetation-free surface showed a large downwards flux of CO 2 . The WPL correction term 
was found to be equal and opposite to the measured fluxes, resulting in a corrected flux of 
negligible magnitude, as expected from the surface. 
2.6 Quadrant Analysis 
Quadrant analysis is a means of describing turbulent fluxes with reference to the nature of the 
air movements contributing to the flux. By breaking down the turbulent transport of 
momentum and scalars into its constituent parts, a full picture of the nature of the motions 
dominating the transport can be obtained. Quadrant analysis was developed in wind tunnel 
studies to examine the transport of momentum (Lu and Willmarth, 1973), and has since been 
used to study both momentum and scalar transport in real and artificial canopies (e.g. 
Raupach etal., 1986; Moritz, 1989; Lee and Black, 1993). 
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To study the transport of momentum, quadrants are defined as follows, based on the direction 
of the instantaneous vertical and streamwise wind speeds (Figure 2.11): 
Qi u' > 0, w' > 0 outward interaction 
Q2 u' < 0, w'> 0 ejection or burst 
Q3 u' < 0, w' < 0 inward interaction 
Q4 u' > 0, w' < 0 gust or sweep 
+w 
Q2 	 QiOutward 
Ejections 	f I \ 	interactions 
H= Iu'w'I/Iu'w'I 
_u — 	-I - 	+u 
Q3 Inward 	 Q4 
Interactions \ 	Gusts 
-w 
Figure 2.11 Diagram showing the four quadrants into which instantaneous 
momentum fluxes are allocated. The cross-hatched region represents the hole, 
H, from which fluxes are excluded if Iu'w'I <H.Iu'w'I 
In physical terms, gusts represent downwards motions of air, with a streamwise velocity faster 
than the mean, and ejections represent upwards motions, with a streamwise velocity slower 
than the mean. Outward interactions represent air moving upwards, with a streamwise velocity 
faster than the mean, and inward interactions represent air moving downward, with a 
streamwise velocity slower than the mean. Quadrants 2 and 4 represent a flux of momentum 
towards the surface (negative fluxes); quadrants 1 and 3 represent a flux of momentum away 
from the surface (positive fluxes). The interaction quadrants tend to be more important within 
a plant canopy than above, because interaction with vegetation produces wake turbulence and 
secondary circulations in the lee of obstructions. 
By referring each instantaneous momentum flux to the magnitude of the mean value for the 
period, a picture can be built up of the relative magnitude of the fluxes that contribute to the 
mean flux. Each quadrant is subdivided into a number of holes, or bins, of size H (see Figure 
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2.11), which relates the instantaneous fluxes to the size of the mean flux. This allows the 
relative importance of small and large events to be assessed. H is defined as: 
H = Iu'w'I/u'wi 	 [2.49] 
i.e. the instantaneous fluxes are normalised with respect to the mean flux. An instantaneous 
momentum flux is allocated to a hole if 
Iu'wi/ti'wi ~: H 	 [2.50] 
It can be seen that the bin at H = 0 will contain all instantaneous events, H = 1 will contain all 
events equal to or larger than the mean flux, H = 10 contains events ~! 10 times the mean flux, 
and so on. 
The interpretation of the results from quadrant analysis is simplified by an arbitrary 
delimitation into 'normal' and 'extreme' momentum events. Extreme events are usually defined 
as being those events, above a certain hole size (If), that contribute approximately 50% of the 
mean momentum flux (Moritz, 1989; Green etal., 1995). 
Stress and time fractions are defined that describe the proportion of the total momentum flux 
in a given quadrant, Q, at a given hole size, H, and the proportion of time spent in quadrant Q 




==.- Ju'(t)w'(t)IQHdt 	[2.51] 
Iu'w'I N t=0 
(Lee and Black, 1993a) and the time fractions as: 
N-i 
= 	IIQ,Hd' 	 [2.52] 
where IQ,H  is an indicator function that equals 1 if the instantaneous flux at time t lies in 
quadrant Q and hole H, and equals zero otherwise (Lee and Black, 1993a); N is the number of 
instantaneous fluxes sampled. 
The sum across all quadrants at H = 0 represents the total momentum flux, such that 
4 	 4 
SQO =±1 ,depending on the direction of the mean flux, and I 10 = 
Q=1 	 Q=1 
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Differences between the stress fraction and time fraction for a quadrant would indicate a 
disproportionate amount of momentum flux being transported in that quadrant for the amount 
of time spent in the quadrant. For a negative mean momentum flux, the fractional 
contributions are negative in Q2 and Q4, and positive in Qi and Q3. All of the time fractions 
are positive. 
	
4 	 4 
The stress and time fractions associated with H', SQ 'H' and I T H'  provide a good 
Q= 1 	Q= 1 
indication of whether intermittent events are dominating the transport of momentum. 
Quadrant analysis can be extended to cover the transport of scalars such as heat, water vapour 
and CO2 . Coppin et al. (1986) and Chen (1990a,b) defined a new quadrant framework, based 
on the fluctuations of vertical velocity and the scalar in question. In contrast, Moritz (1989) 
and McCracken (1993) allocated the instantaneous scalar fluxes to quadrants according to the 
corresponding momentum flux. This method is followed here, as it more accurately associates 
the scalar flux with the constituent air movements. Flux fractions are defined as: 
N1 
FQ'H = 	. - fw'(t)x'(t)I QHdt 	[2.53] 
1  
x'I N =o 
where x represents the scalar in question. 
In contrast to the momentum fluxes, for which by definition all contributions to the total flux 
are positive in Qi and Q3, and negative in Q2 and Q4, in the analysis of scalars fluxes of 
either direction can go into any quadrant depending on the direction of the scalar flux 
associated with the corresponding momentum event. In the case of the daytime periods 
studied, during which sensible and latent heat fluxes at all levels were positive, a negative flux 
fraction in any quadrant represents a negative (downwards) flux. 
2.7 Surface-Layer Similarity Theory 
Monin and Obukhov (1946, English translation 1954) derived a similarity theory for the 
surface layer, hypothesising the dependence of meteorological variables on four factors: height 
above the effective surface (z or z - d), friction velocity (u 1), surface heat flux (H/pC) and 
buoyancy (g / T) (where g is gravitational acceleration, in s 2). These variables are combined 






The factors in the buoyancy parameter account for the effects of both mechanical and 
convective turbulence (by the inclusion of u and H, respectively). The physical interpretation 
of L is that it represents the height above the effective surface at which mechanical turbulence 
becomes insignificant with respect to convective turbulence (Arya, 1988). zIL is positive in 
stable conditions, negative in unstable conditions and equals zero when the atmosphere is 
neutral. Monin-Obukhov scaling tends towards its free convective (unstable) limit at around 
z/-L> 1, i.e. at heights above the level of L (Kaimal and Finnigan, 1994). 
2.7.1 Surface-layer scaling of variances 
If M-O scaling holds, the variance of fluctuations of a turbulent variable, suitably non-
dimensionalised, will be a unique function of z/L. Velocity variances are scaled by u, and 
variances of fluctuations of a scalar, x, are scaled by a derived parameter x1, where 
x.=w'x'/u 	 [2.55] 
giving the surface layer scaling relations 
oJu. = ç(z/L) 	 [2.56] 
ox. = f(z/L) 	 [2.57] 
The form of these relations are not given by the similarity hypothesis, and must be obtained by 
analysis of data. The typical similarity relations presented below for the variances of velocities 
and scalars were established from the Kansas experiments in the late 1960s (e.g. Wyngaard et 
al., 1971), and have since been verified by other authors. 
Near-neutral conditions 
In near-neutral conditions (zIL approaching zero), the normalised variances tend towards a 
constant value. Typical values for the velocity variances in neutral conditions over flat, 
uniform terrain are fairly well defined as a s/u. = 2.4, ou0 = 1.9, and oJu. = 1.25 (Garratt, 
1992). 
The neutral value for cr./T. is approximately 2 (Tillman, 1972; Ohtaki, 1985). Less work has 
been done on other scalars. Normalised variances of water vapour and CO 2 in near-neutral 
conditions were found to be similar to that for temperature by Ohtaki (1985) and Ohtaki and 
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Oikawa (1991). However, Weaver (1990) found op'T* in near-neutral conditions to be as high 
as 7. 
Free convective scaling 
In free convective conditions, which occur when thermally driven turbulence dominates over 
mechanical turbulence, and u. is no longer a relevant scaling variable, the similarity functions 
take the form of constants (Tillman, 1972; Garratt, 1992): 
o,Ju. = 1 .8(z/L) 3 	for vertical velocity 	[2.58] 
oT. = 0.95(z/L) 	for temperature 	[2.59] 
Again, the values for other scalars are less well established; the form of the free-convective 
similarity relations for water vapour and CO 2 are thought to be close to that of temperature 
(Hogstrom and Smedman-Hogstrom, 1974; Ohtaki, 1985; Weaver, 1990; Ohtaki and Oikawa, 
1991). 
The whole unstable region 
The form of the similarity relationship for o1u1  for the whole of the unstable region is 
(Panofsky and Dutton, 1984; Kaimal and Finnigan, 1994): 
o,Ju 	1.25 [1 - 3(z/L)1113 	 [2.60] 
This has been found to fit data from a range of surface types: e.g. de Bruin et al. (1993) over 
a sparsely vegetated plain; Katul et al. (1995) over non-uniform forest and soil surfaces; 
Moncneffet al. (1996) over a millet crop. 
The corresponding relationship for temperature fluctuations is (Kaimal and Finnigan, 1994): 
o/T.= 2 [1 - 9.5(z/L)1 113 	 [2.61] 
The horizontal wind variances are found not to comply well to M-O scaling. It is thought that 
height above the surface (z) is not an important scaling factor for oj and o,, being replaced by 
boundary layer depth (hBI)  (Azya and Sundarajan, 1976). Van den Hurk and de Bruin (1995) 
illustrated this non-conformity, plotting c7/u  against -(z - cl)/L for two measurement heights. 
The points were very scattered, and two distinct data sets could be distinguished. When 
plotted against hBL/L  the data sets collapsed well, implying that the horizontal variances scale 
better with hBL  than with z. 
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These surface layer similarity relationships are investigated for fluctuations of velocity, 
temperature and water vapour measured above the black spruce forest canopy (Chapter 4). 
2.72 Calculation of sensible heat flux using variance scaling 
The similarity relations for the variance of temperature obtained in Kansas have been used by 
several authors to calculate the sensible heat flux from a surface (e.g. Tillman, 1972; Lloyd et 
al., 1991). The surface layer relations set out above can be rearranged to give the following 




3('Igz 2 - zi L1 [2.62] 
c1 ) T)L —zIL)] 
where C 1 is the value of the constant for free-convective conditions (Equation 2.59), and C2 = 
-(C 1/C3 )3 , where C3 is the value of oT/Ts  in near-neutral conditions. 
By considering only the free convective region, this expression can be reduced to 
H = [(UT 
 gZ j 1/2 
- L9
[2.63]
-) C, )T  
The form of the surface-layer similarity relationship for temperature fluctuations is derived in 
Chapter 4, and the constants obtained are applied in Chapter 7, following this approach, to 






The data presented in this thesis were collected as part of the University of Edinburgh's 
contribution to BOREAS (Jarvis et al., 1996). Measurements of turbulence and scalar 
transport were made in a black spruce forest in central Saskatchewan, in the BOREAS 
Southern Study Area (SSA). This chapter describes the field site, and gives details of the data 
acquisition and analysis procedure. The instrumentation used to measure wind speed and 
scalar fluctuations are described, including results from an instrument comparison. 
3.2 Site Description 
The SSA is located at the southern edge of the North American boreal forest, and covers an 
area 130 km by 90 km (see Figure 1.1). The relief is gentle, with elevations ranging from 550 
to 730 in across the area. The black spruce site is located at 53.99 °N, 105.12 °W. The site is 
boggy and flat, with a minimum fetch of 1.2 km in all directions. A road passes the site 
approximately 2 km to the north and west. The stand consists predominantly of black spruce 
(Picea mariana (Mill.) B.S.P.), with some tamarack (Larix laricina (Du Roi) K. Koch) and a 
small number of jack pine (Pinus banksiana Lamb). The spruce trees are up to 150 years old, 
but the poor soil conditions limit their growth. The black spruce are up to 11 in tall, the pine 
are about 14 in tall, and the tamarack are 10 - 16 in tall. The canopy is heterogeneous in terms 
of canopy height (Plate 3. 1), with the main canopy top (apart from occasional protruding 
tamaracks) at around 10 m. The crowns of the black spruce are narrow, with severe clumping 
of the foliage. Tree density is 4330 trees per hectare. The leaf area index (LA!) of the forest is 
about 5 - 5.5 Q. Chen, T. Gower, pers. comm.). Despite the high density of trees, the narrow 
tree crowns produce a very sparse canopy (Plate 3. 1), with only 55 % canopy closure (Sellers 
etal., 1994). 
3.3 Data Acquisition 
3.3.1 Statistical considerations 
Averaging procedures 
Ideally, statistics of turbulence would be presented as ensemble averages i.e. the average of 
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atmospheric turbulence are generally made at one point in space, and the statistics describing 
the turbulent flow are presented as time-averages. The question arises as to what is a suitable 
time-scale over which to calculate statistics of turbulence. The mean and turbulent parts of 
atmospheric motion are separated by a spectral gap, at a frequency of about 1 hr -1 (Chapter 
2). To avoid problems of non-stationarity associated with low-frequency changes in mean 
conditions, an averaging period for flux measurements should deal only with the turbulent 
portion of the spectrum, i.e. the averaging time should ideally be less than one hour. 
As the averaging time decreases, statistical certainty is compromised. McMillen (1988) 
recommended a 30 minute averaging period for measuring statistics of turbulent fluctuations 
and fluxes; this is widely used (e.g. Wesely and Hart, 1985; Lee and Black, 1993a,b; Lee et 
al., 1994), and is the time period over which statistics are calculated in this thesis. The 
statistical uncertainty associated with this averaging period is discussed below. 
Statistical uncertainty 
If a data series, A(t), satisfies the conditions of stationarity, statistics such as means, variances 
and covariances will approach a constant value as the averaging time is increased. This 
implies that there is an integral time scale of turbulence, 'T (Lumley and Panofsky, 1964; 
Kainial and Frnnigan, 1994). If the measurement period, T, is much longer than the integral 
time scale, then aA2,  the variance of the time average of A about the ensemble average, can 




where o is the ensemble variance of A (Lumley and Panofsky, 1964). A level of error, e, can 
be defined as e = cr- / A. The averaging time required to attain a given level of certainty for 
the time-averaged mean, or the error associated with a particular averaging time, can then be 
calculated, using: 
T = 2 T 
p 
[3.2] 
where the time-average variance replaces the ensemble variance as o. For a measurement 
period of 1800 seconds, s was calculated for some typical day-time values: for U = 2 in s', 
o=1 ms4 ,and T=5 s, e=0.04;for U = 5ms, o = 1.5ms' and T as before, e=0.02. 
[3.1] 
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For a given averaging period, the level of uncertainty increases for higher statistical moments. 
For second order moments (variances and covariances), c can be estimated from (Lenschow et 
al., 1994): 
[3.31 
For typical correlation coefficients of rWT = ± 0.4 - 0.5, and 	= ± 0.3, and with T and Tas 
above, e ranges from about 0.16 to 0.25. 
For variances, r = 1 and Equation 3.3 becomes: 
T — - p [3.41 
which gives e 0.1. 
Lumley and Panofsky (1964) demonstrated that an averaging time must be five times longer to 
obtain the same level of certainty for fourth order statistical moments (kurtosis) as for second 
order moments. 
Sampling rate 
The rate at which data are sampled must be sufficiently fast to detect the highest frequency 
fluctuations contributing to atmospheric turbulence. Where the sampling interval, At, is larger 
than the integral time scale of turbulence, 7 the accuracy of the measured statistics within a 




For measurements of, for example, mean streamwise wind speed, where a = 1 to 1.5 in s, 
for aA <— 0.1 in s 1 , N needs to be 100-200. With an averaging period of 30 minutes, this 
implies a sampling interval of 10 - 20 seconds. 
It can be seen that the sample rate does not need to be particularly fast to obtain reliable 
statistics of turbulent motion. However, if spectral analysis is to be used to describe the 
frequency distribution of a time series, the sampling rate must be fast enough to detect the 
highest frequency motions that are contributing to the turbulence spectra (Wyngaard, 1990). 
A minimum of two sample points per period or wavelength are needed to resolve a waveform. 
This means that the highest frequency that can be resolved, called the Nyquist frequency, n0 , 
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can be defined as no  = &12. A problem known as aliasmg will occur if waveforms are 
sampled that have a frequency higher than n0 , whereby the signal will be folded back into 
lower frequencies, producing erroneous spectral densities at frequencies lower than n0 . 
A sample rate of 18.2 Hz was used to collect the data for this study (being the sampling rate 
of the A/D board, and set by the software), giving a Nyquist frequency of 9.1 Hz. To avoid 
aliasing, a Butterworth low-pass filter was employed to remove any signal with a frequency 
higher than the Nyquist frequency. The filters used in this study had a 3 dB cut-off frequency 
of 7.4 Hz (McCracken, 1993; see Appendix A. 1 for the frequency response of the filters). 
Trend removal 
A 30 minute time series of data may contain short term changes in mean value that are either 
real, or caused by instrumental drift (Sutton, 1953; Shuttleworth, 1988). A digital recursive 
running mean is commonly employed to remove the effects of such drift from calculations 
using instantaneous fluctuations. The form of the running mean used in this study is: 
a1 = lpt-i+(l — 17)aj 	 [3.6] 
where at and at-i are the values of the running mean at time t, and 1-1 respectively; at  is the 
instantaneous value at time t, and i is a weighting coefficient, given by q =e 	where F 
is the time constant of the running mean (Lloyd et al., 1984; McMillen, 1988). McMillen 
(198 8) showed that flux measurements were quite insensitive to the length of the running mean 
between values of F = 160 to 640 seconds, and proposed 200 seconds as a suitable value. 
This is followed in this thesis. Detrending the signal in this manner results in some true signal 
loss, which is compensated for by correcting the final flux with a transfer function. The 
transfer function associated with a running mean of 200 seconds is illustrated in Appendix 
A.!. 
3.3.2 Logging 
Two identical logging systems were used in this study to record data from the instrumentation 
described below (Section 3.4). The analogue outputs from the instruments were electronically 
low-pass filtered with a Butterworth filter prior to being sampled. The filtered signals were 
then sampled at 18.2 Hz with an A/D board (Strawberry Tree Inc., California) with 12 bit 
resolution over ± 5 V. giving a resolution of 2.4 mV. Logging was controlled using software 
running on Compaq computers (Compaq Computer Corporation, USA), on which the raw 
data were recorded, and stored as half-hourly files during logging. The data files were backed 
up, for post-processing, onto removable hard disks (SyQuest, SyDos, Florida, USA). 
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3.4 Instrumentation 
Turbulence data above and within the forest canopy were measured using sonic anemometers. 
Infra-red gas analysers (IRGAs) were used to measure fluctuations of CO 2 and water vapour 
for use in flux measurements, and to investigate the processes governing the transport of 
scalars throughout the plant canopy. In addition, fast-response thermocouples (sigma-T 
sensors) were used to determine whether temperature fluctuations could be used to recreate the 
patterns of turbulence shown by wind velocity data. All instrumentation is described below. 
3.4.1 Sonic anemometry 
Three-dimensional sonic anemometers (Solent A 101 2R, Gill Instruments, Lymington, UK) 
were used to measure temperature and the streamwise, transverse and vertical components of 
wind speed. These anemometers consist of three pairs of transducers, with each pair having a 
transducer head at the top, and one opposite at the bottom of the head of the instrument. The 
non-orthogonal transducer arrangement minimises measurement errors caused by transducer 
shadowing effects (Wyngaard, 1988; Grant and Watkins, 1989). The path length separating 
the transducer heads is 147 mm. Each set of transducers, in succession, fires a sonic pulse 
first one way, then the other along the transducer path. The difference in the transit times of 
the two pulses is used to calculate wind speed and air temperature as follows: 
11 
= Pa 	and 2 
= Pa 	 [3.7] 
(c+v) (c — v) 
where Pa  is distance between transducers, c is speed of sound, t 1 and t2 are transit times of 
sonic pulses, and v is air flow along the line of the transducers. From the above, 
v= 0.5& (.1 — 	 [3.8] 
t t2) 
and 	 C=0.5Pa(_+_J 	 [3.9] 
tl 	t2 
The relationship between speed of sound and air temperature is given by K.aimal and Businger 
(1963) as 
c2 403 T(1 + 0.32 e/p) 	 [3.10] 
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where T is air temperature, e is vapour pressure and p is atmospheric pressure. Sonic 
temperature (7') is defined as (Kaimal and Gaynor, 199 1) 
c2 
7=- 403 7j1+0.32--I 	 [3.11] 
p) 
This is very close to the virtual temperature of air, T,  which is given by 
T=T(1+O.38e/p) 	 [3.12] 
Schotanus et al. (1983) examined the errors introduced into measured variances (aT2)  and heat 
flux if T, was assumed to equal virtual and actual temperature. In unstable conditions, 0Ts 
was found to be up to 5 % greater than a,., with the values related by 
a 2 T'2 a+1.02TqT 	 [3.13] 
The heat flux from the sonic (H, = w'T,') is close to the virtual heat flux, H.  This is the 
appropriate heat flux to be used in calculating the Monin-Obukhov length, as it incorporates 
the buoyancy effects caused by the presence of water vapour. II, is related to the actual heat 
flux, H, by 
TU 
w'7'=w'T+0.5lTw'q'-2--==--uw 	[3.14] 
The third term is negligible in unstable conditions, but when the Bowen ratio is low the second 
term can be up to 10 % of the total flux (Schotanus et al., 1983). In this study the Bowen 
ratios during the day were often 1.5 - 2 both above and within the canopy (Jarvis et al., 1996), 
resulting in a correction term of about 3 % of the flux. This correction was not applied to the 
results presented here unless stated otherwise; however, any errors introduced by assuming H. 
= H are discussed where appropriate. 
With wind speed information obtained along three separate axes, the u, v and w components of 
the wind vector can be calculated. To remove the possibility of advective effects in the vertical 
wind vector, co-ordinate rotation was done on the data from the sonic anemometer to ensure 
that the w component was perpendicular to the streamlines in the air flow. Three rotations 
were applied to u, v and w measurements made above a plant canopy. The first rotation aligns 
u along the direction of the mean streamwise wind. The second rotation orientates w to be 
perpendicular to the streamlines of flow, so w becomes zero. The third rotation minimises the 
transverse momentum flux (V w'). For further details of these rotations see McMullen (1986) 
and McCracken (1993). 
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The Solent 3-D anemometers have a dynamic response time of 0.1 s for the analogue output. 
Three such anemometers were used in this study. In addition, two 1-component sonic 
anemometers (CA27T, Campbell Scientific Ltd., Loughborough, UK) were used to measure 
wind speed and temperature. The 1-component anemometers measure wind speed using the 
same principle as described above for the 3-D anemometers, but along the vertical axis only. 
A fast-response thermocouple, situated between the transducer heads, is used to measure 
temperature fluctuations. The CA27T has a dynamic response time of 0.025 s for the vertical 
wind speed, and 0.033 s for temperature fluctuations. No co-ordinate rotations can be applied 
to align the vertical velocity perpendicular to the streamlines because only one component of 
the wind vector is measured. Consequently, the vertical wind speed fluctuations from the 1 -D 
sonic may be contaminated by fluctuations in the streamwise direction, resulting in errors in 
associated eddy covariance fluxes. In practice, careful levelling of the l-D sonics can be 
achieved in the field. Nevertheless, at this site, frequency-corrected heat fluxes from the 1 -D 
sonic anemometer were 6 - 8 % higher than those from the 3-D instruments. 
3.4.2 Infra-red gas analysers 
CO2 and water vapour absorb infra-red radiation at specific wavelengths, with peak 
absorption at 4.26 pm and 2.7 pm for CO2 and water vapour, respectively (Jarvis and 
Sandford, 1985). Infra-red gas analysers (IRGAs) utilise this selective absorption by passing a 
beam of light containing the relevant wavelengths for a certain gas from a source to a detector 
through a sample of air. The attenuation of the beam is proportional to the density of the 
absorbing gas in the path of the beam. There are two types of IRGA: closed-path and open-
path. The University of Edinburgh group working in BOREAS operated a closed-path IRGA 
(L16262, Li-Cor Inc., Lincoln, Nebraska) at the top of the tower for the long-term 
measurement of CO2 and water vapour fluxes above the canopy using the EdiSol system 
(Moncrieff et a!, 1996, Massheder and Moncneff, 1996). In addition, two open-path IRGAs 
(Advanced Systems Inc., Japan) (referred to as AS) were operated within and below the forest 
canopy; data from these instruments are analysed in this thesis to study the transport of 
scalars within the forest canopy. The operation of the two types of IRGA is described below. 
The closed-path IRGA 
In a closed-path IRGA, the air to be analysed is ducted along a tube, with its inlet at the 
measurement height, to the IRGA. There are two cells or chambers inside the instrument, for 
measurement of a sample gas and a reference gas. The air from the inlet tube goes through the 
sample cell. Air of known CO 2 density, or air that has been scrubbed of CO 2 (for differential 
and absolute measurements respectively), is passed through the reference cell. A beam of 
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infra-red light is passed through both cells. The L16262 uses an infra-red beam at 4.26 p.m for 
CO2, and 2.59 p.m for water vapour. The instrument produces a voltage output that is 
proportional to the difference in the detected infra-red radiation between the two cells. The 
calibration procedure for the L16262 and necessary flux corrections are described elsewhere 
(Moncneffet al., 1996; Jarvis etal., 1996). 
The open-path JR GAs 
An open-path IRGA has the optical bench positioned at the height where the measurements 
are to be made, and the infra-red source and detector are separated by an unenclosed path of 
freely circulating air. The AS sensors use infra-red wavelengths at 4.26 p.m for CO 2 and 2.6 
p.m for water vapour (Ohtaki and Matsui, 1982, Ohtaki, 1984). A reference beam of 3.93 .un, 
at which no absorption occurs, is also passed across the measurement path. The voltage 
output is proportional to the difference in transmittance of the sample and reference beams, 
and is therefore proportional to the density of CO 2 or water vapour in the path. The 
calibration of the AS sensors for water vapour and CO 2 are described briefly below; full 
details are given in Appendix A.2. 
Open-path vs. closed-path JR GA s 
Frequency response corrections to fluxes measured with an AS open-path IRGA are 
substantially less than those for the L16262. This is in part because of the faster response time 
of the AS (0.03 s compared to 0.3 s), but is also strongly influenced by the practice of 
drawing air down a sample tube to the closed-path instrument. This serves both to dampen 
high frequency turbulent fluctuations, and to introduce a time lag between the signal from the 
sonic anemometer and the L16262, for which a correction must be made with an appropriate 
transfer function (Leuning and Moncrieff, 1990; Massman, 1991; Leuning and Judd, 1996). 
The damping of temperature fluctuations in the tube, however, negates the need to apply WPL 
correction term for sensible heat to the L16262 fluxes, as gas concentration measurements are 
made at a common temperature (Leuning and King, 1992; Suyker and Verma, 1993). The 
smaller WPL correction term, associated with water vapour fluctuations, is compensated for 
by software within the L16262. For fluxes measured by the AS sensors, on the other hand, the 
WPL corrections can be large (40 to> 100 %, i.e. they can change the sign of the measured 
flux), especially for CO2 . The major logistical disadvantage of the AS analysers is that water 
resistant lenses come at a prohibitive cost; the lenses on the instruments used in this study are 
made from CaF 2, which is water soluble. The instruments cannot be left unattended in the 
field, and must be covered during rain. In contrast, the EdiSol system operates in all weather, 
and can run unattended for days (Moncrieffet al., 1996). 
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Cross-sensitivity to water vapour 
There is an overlap at 2.7 .im in the wavebands which absorb CO 2 and water vapour, 
resulting in a cross-sensitivity to water vapour in the measurement of CO 2 . The effects of this 
cross-sensitivity on the CO2 measurements is minimised in the AS IRGAs by using 2.6 j.Lni 
instead of 2.7 pm for the water vapour absorption beam (Ohtaki and Matsui, 1982). The 
correction for CO 2 flux measurements has terms relating to sensible and latent heat fluxes 
(Leuning and Moncrieff, 1990). In closed-path IRGAs, temperature fluctuations are removed 
by drawing the air through the sample tube, thereby eliminating the first of these correction 
terms. However, for open-path IRGAs, the correction can be significant (up to 50 % of the 
measured CO2 flux). Flux corrections to account for the cross-sensitivity to water vapour 
were not applied to the CO 2 fluxes measured with the open-path IRGA's used in this study. As 
discussed in Section 3.6.2, this does not affect the conclusions regarding the accuracy of the 
AS CO2 flux measurements. 
Calibration ofAS open-path JR GA for CO 2 and water vapour 
The gain of an IRGA is measured by passing scale gases of known concentration through the 
instrument and recording the voltage output for each gas. The slope of the line gives the 
voltage output per unit of gas concentration. It is desirable that the calibration is done using a 
range of gas concentrations incorporating the range that may be encountered in the field. 
The AS open path IRGA is known to exhibit a drift in the offsets for both CO 2 and water 
vapour, and variability in the gain for CO 2 (Moncneff et al., 1992; Jarvis and Moncrieff, 
1992). By contrast, the gain for water vapour is very stable. The AS sensors were calibrated 
by passing scale gases through a calibration hood, which fits tightly over the head of the 
instrument to exclude ambient air. In this study, the calibration for water vapour was done 
using a LI-610 portable dew point generator (Li-Cor, Inc., Lincoln, Nebraska), and for CO 2 
using gas standards of a known CO 2 concentration. In the field, the instruments were 
calibrated once for water vapour, and for CO  on each occasion that the instruments were 
used. The calibrations for water vapour obtained during the 1994 field season were similar to 
those obtained during the previous use of the instruments in 1992. The calibrations for CO 2 
varied from 15 - 25 ppm V. The variable behaviour of the gain for CO 2 from the AS was 
investigated both in the field and in temperature controlled conditions in the laboratory. Full 
details of these calibrations are given in Appendix A.2. 
3.4.3 Sigma-T sensors 
Fast-response copper-constantan thermocouples (referred to as sigma-T sensors) were 
constructed, based on the design of van Asselt et al. (1991), to measure fluctuations of air 
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temperature. Each sigma-T sensor consisted of an electronics probe and a sensor head (Figure 
3.1). The electronics probe housed a thermocouple amplifier with a built-in 'cold' reference 
junction, which provided a stable reference temperature. The sensor head consisted of a fine-
wire (40 p.m diameter) copper-constantan thermocouple, held rigid with glass struts. This 
acted as a 'warm' thermocouple junction, and was connected to the electronics probe with a 
two-pin copper-constantan connector. The thermocouple wire was too thin to be flattened in 
the way suggested by van Asselt et al. (1991). Circular wire has a slower time response than 
flattened wire, but is less prone to errors caused by radiation loading. The maximum errors 
that might result from radiation loading in strong sunshine, if the thermocouple was orientated 
perpendicular to incoming radiation, would be about 0.8 °C in very low winds (less than 0.5 m 
S-1 ), but less than 0.3 °C at wind speeds of more than 2 m s 1 (calculated using incoming solar 
radiation of 500 W rn 2, and a temperature of 25 °C)(van Asselt et al., 1991). These errors 
are about half the size of those associated with flattened wire, and are reduced further by 




Water-tight seal 	 rubber bung 
cable 
Electronics 	2-pin Cu-Con 	 Thermocouple wire 
connector ('warm' junction) 
Figure 3.1 Diagram of the design of the sigma-T sensors. The wires from the warm junction 
pass through a rubber bung to a 2-pin connector, which connects it to the circuit board within 
the electronics probe. The bung seals tightly to ensure the sensor is water-proof. The total 
length of the sigma-T sensor is 145 cm. The electronics are not described here; for details see 
van Asselt etal. (1991). 




where d is the diameter of the thermocouple; c and Pt  are, respectively, the specific heat 
capacity and density of the wire; ka  is the thermal conductivity of air, and Nu is the Nusselt 
number, expressed as a function of Reynolds number (Re) as follows: 
Nu=aRe 	 [3.16] 
with a=0.89,n=0.33 for l<Re<4 
and 	a = 0.82, n = 0.39 for 4 < Re < 40 
(Monteith and Unsworth, 1990). This gives a time response of 0.022 to 0.04 s in a range of 
wind speeds from 1 to 8 m s 1 . This is comparable to the response times of the sonic 
anemometers. 
Eight probes were made, and calibrated in laboratory conditions for gain over a temperature 
range of 0 to 30 °C. A single thermocouple was used throughout the calibration of all eight 
reference junctions. Differences between individual thermocouples were small compared to 
differences imposed by the electronics in the system (van Asselt et al., 1991). This means that 
thermocouple sensor heads could be interchanged without affecting the calibration of a given 
probe. This is extremely useful in the field, as the thermocouple wires were easily broken. The 
calibrations varied by < 1 % between the individual probes. 
The output of the thermocouple amplifiers is specified to be 10 mV °C'. In this experiment, 
the outputs were amplified further, to give an output of about 100 mV °C'. With the 
appropriate gain applied, the output voltage indicated the temperature difference between the 
warm junction and the reference junction. A stable voltage associated with the offset of the 
reference junction was not obtained. Consequently, only measurements of temperature 
fluctuations from the sigma-T sensors are used in this thesis, rather than absolute temperature 
measurements. 
3.4.4 Deployment of instruments 
The instruments were set up to measure profiles of turbulence and fluxes above and within the 
canopy of the black spruce forest. The instruments are referred to throughout this thesis as 
follows: Gi1120, Gi1109 and Gi1183 for the 3-D sonic anemometers; AS 1 and AS2 for the open-
path IRGAs; CA271 and CA27ii for the 1-D sonic anemometers. All instruments were 
mounted on a 25 m high walk-up double scaffold tower, with seven working platforms on the 
southern side. The heights at which the instruments were deployed are shown in Table 3.1. 
Dates are referred to as 'day of year' (DOY). Gi1120 was operated at 26 m (more than twice 
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canopy height) throughout the experiment, for long-term flux measurements. Gi1109, at 13.2 in 
was above the canopy top, and at 7 in was below the canopy top. At 2.6 m, Gi1l83 was above 
the base of the canopy, and at 1.5 in was just below the canopy. The profile of sonic 
anemometers was aligned vertically for all measurements except those made at 1.5 m. For 
these it was thought that fluctuations of quantities being measured would be so small at that 
level that the presence of the tower might present more of an interference than at other levels. 
Consequently, the eddy covariance equipment was located about 20 in away from the tower 
for measurements made at this height. The prevailing wind direction was between southerly 
and westerly. The instruments on the tower were mounted on booms fastened across the 
southern side of the tower, extending away from the tower towards the west by about 1.3 m. 
The positioning of the sigma-T sensors is described in Chapter 7. 
As the AS IRGAs are not weather-proof, most of these are by necessity fair-weather data sets. 
In total, turbulence profile data were collected on 45 days and 4 nights. Days on which the 
wind was blowing from the east to north-east were deemed unsuitable for data collection, 
because the wind was approaching the anemometers through the tower. 
Period Number of Days  Instrument Height (m)  




Gi1183 I 	AS1  CA27i CA27ii 
142-152 5 3 26 26 26  
160 - 202 14 (2) 12 26 7.0 2.6  
204 - 206 3 -- 26 7.0 2.6 13.2 5.0 
209-217 6 6 26 7.0 2.6  
218-225 4 -- 26 1 	13.2 2.6 13.2  
241 - 248 5 5 26 7.0 2.6  
251-259 7 7 26 7.0 1.5  
260 - 263 3 (2) -- 26 7.0 2.6  
Table 3.1. Heights (m) at which the instruments were deployed. The second column 
indicates the number of days in each period on which measurements were made. A 
number in brackets represents additional night-time measurements. The third column 
indicates the number of days on which the open-path gas analysers were operated. 
3.4.5 Weather station 
The flux measurements made during BOREAS were supported by comprehensive 
meteorological measurements (see Table 3.2). These instruments were logged using a 
datalogger (CR2 1X, Campbell Scientific (UK) Ltd., Loughborough, UK), and were stored as 
half-hourly average values. Instrumentation for the weather station was mounted at the top of 
the tower on the eastern side, with the exception of the Q-6 net radiometers and the 
solarimeters. These were mounted on booms, projecting towards the south, at a height of 
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about 19 m. In addition, a Q-7 net radiometer was mounted on a horizontal boom, supported 
between two trees, towards the bottom of the canopy, at a height of about 2 m above the 
ground. The soil heat flux plates were buried about 3 - 5 cm below the surface, in a variety of 
shaded and unshaded locations, to try to reflect the heterogeneity of conditions at the ground 
surface. 
Variable Instrument Manufacturer 
Wind speed Cup anemometer, A100R Vector Instruments, 
Wind direction Wind vane, W200P Rhyl, UK 
Incoming and outgoing Solarimeter, CM3 Kipp & Zonen, Delft, 
solar radiation  Netherlands 
Incoming solar Pyranometer, LI-200SZ Li-Cor Inc, Lincoln, 
radiation Nebraska, USA 
PPFD Quantum sensor, LI-19OSZ  
Net radiation (above Net radiometer, Q-6 and REBS, Seattle, 
and below canopy) Q-7 Washington, USA 
Air temperature Thermistor (shielded) Skye Instruments Ltd, 
Relative humidity Capacitance humidity probe Powys, UK 
(shielded), SKYE SKH 103 1  
Wet and dry bulb Ventilated psychrometer 
temperatures JERM, 
University of Edinburgh 
Soil temperature 1 m temperature profile 
probe  
Soil heat flux Soil heat flux plates, HFT-3 Campbell Scientific (UK) 
Ltd., Loughborough, UK. 
Table 3.2. Accompanying environmental measurements made, and instruments used. 
Calibration of weather station instrumentation 
One of the Q-6 net radiometers was purchased new from the manufacturers: the calibration 
factor supplied with it was taken to be accurate, and it was used as a standard against which 
the second Q-6 was calibrated. Two photosynthetic photon flux density (PPFD) sensors were 
also calibrated against one with a known calibration factor. The cup anemometer was 
calibrated in a wind tunnel. The Skye temperature and humidity probe was calibrated for 
humidity response using the kit provided by the manufacturer. The temperature calibration 
was taken to be as supplied by the manufacturer. The psychrometer consisted of a platinum 
resistance thermometer, which gave the dry bulb reading, and a copper/constantan 
thermocouple, which gave the wet bulb depression. These were housed within a cylinder 
covered with foil to reflect radiation, with a small battery-powered fan to maintain air 
circulation, and a reservoir of distilled water with a wick leading to one end of the 
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thermocouple. The pyranometer, the soil heat flux plates and the Q-7 net radiometer were 
purchased new from the manufacturers, and the calibration factors supplied were taken to be 
accurate. 
3.5 Data Analysis 
The data files containing turbulence data consist of four channels of raw voltages for each 3-D 
sonic anemometer that was logged (u, v, w, 7), two channels for each IRGA (1-120  and CO2), 
and two for each 1-D sonic anemometer (w and 7); up to 16 channels were logged 
simultaneously on each of the two logging systems. The raw data were post-processed using a 
series of programs in Turbo and Borland Pascal developed over several years by Peter 
McCracken, Jon Massheder and John Moncrieff (LERM, University of Edinburgh) specifically 
for use with high-frequency turbulence data. These programs were either used in their existing 
form, or were modified for improved accuracy or for specific needs. A brief description of the 
programs is presented in Appendix A.3; for more detail see McCracken (1993). 
3.6 Instrument Comparison 
For meaningful profiles of turbulence statistics to be obtained, it must first be ensured that the 
instruments to be deployed produce consistent results under the same conditions, i.e. that there 
are no systematic errors that would produce a bias in the final data set. To investigate this a 
comparison was done, in which the three 3-D sonic anemometers were deployed together at 
the top of the tower, to compare the turbulence parameters from the three instruments. The 
fluxes from the two open path gas analysers and the closed path analyser were also compared 
in the same way. 
The instruments were mounted on a cross-arm at the top of the tower (26 m). The boom was 
oriented perpendicular to the wind direction on each comparison day, so no instrument was 
blocked by another. Data were collected when the wind was blowing from between the south-
east and north-west. Data from periods when the wind was from the east were discarded, as 
the wind blew across the hut and working area (therefore affecting the flux data), and through 
the weather station instrumentation mounted on the east side of the tower (affecting the 
turbulence data). The sonic anemometers were mounted with the sensing volumes about 40 cm 
apart. The presence of a section of the vertical pole supporting the horizontal boom, which 
protruded above the boom alongside the anemometers, could have caused some interference; 
to remove any possible bias Gil109 and Gi1183 were swapped around half way through the 
comparison. Gill20 (the anemometer being used with EdiSol for long-term flux measurements) 
was situated at the end of the boom throughout the comparison to ensure continuity of the flux 
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measurements. Data were collected on two days (DOY 144 and 146) with only the 
anemometers in place, and on three days (DOY 149, 151 and 152) with the two open-path gas 
analysers mounted behind the anemometers (with respect to wind direction), to make a 
comparison of their latent heat and CO 2  fluxes. The calibrations used for water vapour were 
those obtained with the dew point generator (Section 3.4.2 and Appendix A.2). The AS were 
calibrated at the end of each measurement day for CO 2 . 
A comparison was also done of statistics of temperature fluctuations from the 3-13 
anemometers and the sigma-T sensors. Details of this are given in Chapter 7. 
3.61 Comparison of turbulence data 
The data shown in Table 3.3 and Figures 3.2 and 3.3 represent all the comparison data 
collected for the sonic anemometers (64 half hour periods). The correlation coefficients were 
also calculated for data from the first two days of the comparison, when only the anemometers 
were in place. These results are not presented separately here, but all of the correlation 
coefficients were higher for this data set, indicating that the presence of the gas analysers next 
to the anemometer heads introduced an additional source of scatter in the results. 
Parameter Gi1183 vs. Gil109 Gi1120 vs. Gill09 
r2 Intercept Slope r2 Intercept Slope 
a.  2 0.846 0.29 0.84 0.927 0.167 0.86 
a 2 0.876 -0.08 1.02 0.960 0.01 0.98 
a 2 0.989 0.011 0.98 0.914 0.04 0.86 
u l 
 W
1 0.54 -0.03 0.72 0.712 -0.02 0.75 
* u I W I * 0.961 * -0.01 * 0.95 * 0.968 * -0.01 * 0.91 
0.926 0.0 0.96 0.926 0.0 0.96 
0.879 0.27 0.90 0.961 0.2 0.93 
S. 0.544 0.01 0.87 0.630 -0.07 0.98 
5,, 0.901 0.07 0.98 0.930 0.03 1.01 
S. 0.85 -0.02 1.08 0.754 -0.01 1.00 
K 0.80 0.28 0.92 0.770 0.22 0.93 
K 0.43 0.45 0.89 1 0.800 -0.38 1.14 0.63 -0.52 1.14 0.700 0.70 0.82 
Table 3.2 Results of linear regression on the turbulence statistics from G11183 and 
Gi1120 against those from Gi1109. Refer also to Figures 3.2 and 3.3. * These values 
were calculated omitting data from DOY 152. 
The data show that for all parameters studied the slope of the line is close to 1, indicating that 
although there was some scatter about the 1:1 line, there was no consistent error in any of the 
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Figure 3.2 Comparison of data from the sonic anemometers: (a) a, (b) a, (c)a,", all m s 1 ; (d) momentum 
flux, N m 2 ; (e) sensible heat flux, W m 2; (f) horizontal wind speed, ms 1 . All graphs show data from Gi1183 
(circles) and Gi1120 (triangles) plotted against data from Gi109. The 1:1 line is shown in each case. 
results that would cause a bias in the subsequent profile measurements. The poorest 
agreement is seen for the momentum fluxes. The data from the individual half hours show that 
on DOY 152 Gi1109 was giving values of momentum flux that did not agree with those from 
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Figure 3.3 Comparison of skewness and kurtosis from the sonic anemometers: (a) S, (b) S,, (c) S,,,,, 
(d) K, (e) K, (1) K. All graphs show data from Gi1183 (circles) and Gi1120 (triangles) plotted against 
data from Gi1109. The 1:1 line is shown. 
sensible heat flux also occurred on this day. These discrepancies may have been caused by an 
east-south-east wind resulting in obstruction of the anemometers by other instrumentation. 
The generally good agreement between the three anemometers confirms the results from 
similar tests, as part of an earlier study, using the same instruments (McCracken, 1993). 
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3.62 Comparison offlux data from JR GA s 
The fluxes of latent heat and CO 2 from the AS sensors, adjusted by frequency and WPL 
corrections, were compared with fully corrected fluxes from the L16262. Examples of the 
corrections to the AS fluxes are shown in Figures 3.4 and 3.5 for data from DOY 151. Figure 
3.4 shows the measured cospectrum of w and q, averaged over 8 half-hour periods. The 
Kaimal model cospectral curve is also shown, illustrating the flux loss at high frequencies. 
The Kaimal curve, multiplied by the transfer function, corresponds well with the measured 
cospectrum, indicating that the Kaimal cospectral model forms a suitable base for frequency 
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Figure 3.4 Average cospectrum of w and q measured at 2.6 h, shown with the Kaimal model 
cospecti-um for unstable conditions, and the Kaimal model multiplied by the appropriate 
transfer functions (tO. The x-axis is normalised frequency,f = n(z - d)/U. 
Figure 3.5 shows the raw latent heat and CO 2 fluxes (a and b respectively), and the fluxes 
after frequency corrections and WPL corrections. Fully corrected fluxes from the closed-path 
eddy covariance system are shown for comparison. For fluxes of both latent heat and CO 2 the 
frequency corrections are small. For the latent heat flux, the WPL corrections are small, but 
for CO2 they are substantial, and change the direction of the flux. 
Figures 3.6 and 3.7 show fluxes from the different analysers for the three days on which a 
comparison was done (44 half-hour periods in total). Results from linear regression analyses 










6 8 	10 	12 	14 	16 	18 	20 












6 	8 	10 	12 	14 	16 	18 	20 
Time of day (hour) 
Figure 3.5 Fluxcs of (a) latent heat and (h)  CO2 from AS2 at 2.6 hon DOY 151, showing 
the raw flux, and the flux after transfer functions (tO and WPL corrections have been applied. 
Fully corrected fluxes from the L16262 are also shown. 
Latent heat fluxes 
The corrected latent heat fluxes from the two open path gas analysers are reasonably well 
correlated, but AS2 gave values 20 % lower overall than those from AS  (Figure 3.6). The 
fluxes from AS! are 15 % higher than those from the L16262, and those from AS2 are within 
5 % of the L16262. Figure 3.6 shows that most of the disagreement between the analysers 
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Figure 3.6 Comparison of latent heat fluxes from the open-path and 
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Figure 3.7 (a) Comparison of CO2 fluxes from the two open-path IRGAs, and (b) both of 
these plotted against fluxes from the L16262 closed-path IRGA. 
AS 1 and the L16262 was also within 5 %. AS! was deployed in the lower half of the canopy 
where latent heat fluxes did not reach 200 W nr 2, so the level of agreement between AS 1 and 
the L16262 was considered to be acceptable. 
CO fluxes 
The degree of agreement for the corrected CO 2 fluxes from the two open path gas analysers is 
less than that found for the latent heat fluxes (Figure 3.7a). The slope of the line is similar, 
again with AS2 producing lower values than AS 1. However, when the corrected CO 2 values 
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are compared against those from the L16262, the agreement is poor (Figure 3.7b). The WPL 
correction applied to the AS CO 2 fluxes is sufficiently large to make many of the fluxes 
positive. This implies that the raw CO2 fluxes measured by the AS sensors are much too 
small. Corrections for cross-sensitivity to water vapour in the optical path of the IRGA were 
not applied, but for the daytime measurements presented here, they are also of opposite sign to 
the raw CO2 flux, and so would further reduce the agreement between the open- and closed-
path IRGAs. 
Latent Heat  Slope 
AS! vs. AS2 0.72 0.79 
AS! vs. L16262 0.73 1.15 
AS2 vs. L16262 0.91 0.96 
AS! vs. L16262 
(AR < 200 W rn 2) 
0.84 1.05 
CO2  Slope 
AS! vs. AS2 0.67 0.83 
L16262 vs. AS  -0.44 -1.03 
L16262 vs. AS2 	1 -0.40 	1 -0.82 
Table 3.4. Comparison of latent heat and CO 2 flux data from the 
L16262 and the Advanced Systems gas analysers. All regressions 
were forced through zero. 
The known problem of drift in the gain and offset of the AS sensors was investigated 
(Appendix A.2) but no results were found that could account for an error of the magnitude 
found here. The gain was seen to vary by about 66 % (15 ppm V to 25 ppm V 1 ), but even if 
all of the raw CO 2 fluxes were doubled, the corrected fluxes would still be positive. It is not 
possible to compare the raw data from the open- and closed-path analysers, because the fluxes 
produced by the L16262 effectively have the WPL corrections already applied. After much 
investigation, the problems associated with obtaining accurate CO 2 fluxes from the AS open-
path IRGAs were considered insurmountable; consequently no analyses relating to the transfer 
of CO2 within the forest canopy are presented in this thesis. 
3.63 Interference from the tower 
A systematic variation in the standard deviation of wind components with wind direction may 
indicate interference from the tower when the wind is blowing from a certain direction. To 
investigate this, o and o at 2.6 h, 0.7 h and 0.26 h were examined in relation to wind speed 
and direction as measured by the cup anemometer and wind vane at the top of the tower. No 
data were collected for wind directions between north-east and east-south-east, as in these 
instances the wind reached the instruments through the tower. Data were collected from all 
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Figure 3.8 (a) or. and (b) o at 2.6 h (triangles), 0.7 h (filled circles) and 0.26 h 
(empty circles) plotted against wind direction at 2.6 h, and (c) wind speed at 2.6 h 
plotted against wind direction. 
Figure 3.8 shows that o and aw varied with wind direction only as a function of wind speed; 
there was no systematic relationship with wind direction that would cause a systematic error 




The stochastic nature of turbulence makes it impossible to predict the precise details of the 
flow of air. Consequently, a variety of statistical measures are needed to describe mean 
conditions. Turbulence statistics describing the mean wind field are used in Eulerian and 
Lagrangian modelling of canopy exchange processes (Raupach, 1989; Baldocchi, 1993). 
There is a growing body of work describing turbulence regimes within both artificial canopies 
(e.g. Raupach et al., 1986; Shaw and Seginer, 1987; Brunet et al., 1994) and a wide range of 
real canopies (e.g. in crops by Shaw etal., 1974; Finnigan, 1979a; Wilson etal., 1982; and in 
forest canopies by Allen, 1968; Baldocchi and Meyers, 1988a; Amiro, 1990a). Maitani 
(1979) presented a review of turbulence statistics made above vegetated and non-vegetated 
surfaces, which showed consistent variations with height above the surface. In contrast, for 
measurements within plant canopies, a review by Raupach (1988) revealed a striking 
similarity in many turbulence parameters, for a variety of canopy types, when plotted against 
z/h (i.e. measurement height normalised by canopy height). This suggests that irrespective of 
canopy density and structure, canopy height is an important length scale governing turbulence 
parameters. 
This chapter presents the following analyses for the black spruce forest: 
The roughness length (z0) and zero plane displacement (d) of the forest are calculated from 
profiles of mean wind speed and momentum flux. 
Profiles of standard deviation, turbulence intensity, skewness and kurtosis are calculated 
for the u, v and w components of the air flow. 
Integral time and length scales are calculated to characterise the scale of turbulence above 
and within the canopy. 
Similarity relations are investigated for the surface-layer scaling of variances for vertical 
velocity, temperature and water vapour fluctuations. 
Turbulence profiles 
Unless stated otherwise, all of the turbulence profiles presented below were obtained in the 
same way. Daytime and night-time data were treated separately. Each half-hourly 
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measurement was normalised with respect to the corresponding measurement made above the 
canopy at 26 m, and normalised measurements were pooled for all days to obtain 5-point 
profiles. This method of normalising the data allows vertical variation in the statistics to be 
studied, rather than differences between days. The average of the normalised values were 
plotted against z/h (where z is measurement height and h is canopy height). The canopy is very 
heterogeneous, and h was taken to be the top of the main black spruce canopy (10 m), rather 
than the mean tree height. Error bars, or error ranges given in the text, represent standard 
errors. Any divergence from this procedure is discussed in the text. In this manner, using the 
three main measurement heights (26, 7 and 2.6 m) and the two levels used on a temporary 
basis (13.2 and 1.5 m), five-point turbulence profiles have been built up. As substantially 
fewer measurements were made at the latter two heights, the averages represent a narrower 
range of conditions, and the standard errors are larger. These restrictions must be borne in 
mind when interpreting the profiles. The profiles representing night-time conditions were 
calculated in the same manner, using data collected on four nights, at 26 m, 7 m and 2.6 m. 
4.2 Wind Speed Profile 
The profile of mean wind speed was calculated using all of the daytime measurements 
obtained (refer to Table 3.1 for the number of days on which measurements were made at each 
height). The mean half-hourly wind speed at 2.6 h ranged from 0.8 - 8 m s, with an average 
of 3.69 ± 0.06 m s*  The normalised wind speed (Figure 4. la) decreased slowly between 2.6 h 
and the canopy top, then more rapidly with depth in the canopy to 0.7 h, then more slowly 
again to 0.26 h. There was little further fall in wind speed below this height, where the wind 
speeds were low. The upper part of the profile, with the maximum wind shear between h and 
0.7 h, is similar to measurements reported in the literature for other canopy types. Amiro 
(1990a) found this pattern in aspen, pine and spruce forest canopies, and Green et al. (1995) 
in three Sitka spruce stands; in both cases the three canopies were of different densities and 
structure. Lee and Black (1993a) illustrate the same pattern in a Douglas fir stand, as do 
Baldocchi and Hutchison (1987) in an almond orchard. 
A common feature in the studies mentioned above, and also in those reviewed by Raupach 
(1988), is the presence of a secondary wind speed maximum in the sub-canopy trunkspace. 
This tends to occur in canopies where there is a dead-branch space in which air movement is 
less restricted than higher up in the canopy, and also where the largest wind shear occurs in 
the upper portion of the canopy (Baldocchi and Meyers, 1988a). Flow of air at the level of the 
secondary maximum is less well coupled to the air above the canopy than is the air flow at 
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Figure 4.1 Profiles of (a) normalised wind speed and (b) normalised shear stress. 
The white diamonds in 4.1(a) show the upper-canopy wind speed profile estimated 
using an attenuation coefficient, a. 
evident in the canopy or the trunkspace. This may be because the structure of the black spruce 
canopy is not conducive to the formation of a sub-canopy jet, or it may be an artefact of the 
sampling strategy. If a secondary wind speed maximum was present, it would be likely to 
occur in the dead branch space, below 2 m. This is below the level of the anemometer operated 
at the main measurement height of 0.26 h. Measurements at 0.15 h were obtained on fewer 
occasions (Table 3.1). Measurements were not made simultaneously at both of these 
measurement heights, and the anemometer at 0.15 h was not aligned in a vertical profile with 
the two upper anemometers. Consequently, although there was no evidence of a secondary 
maximum, it cannot be stated with certainty that this phenomenon was absent in the black 
spruce forest canopy. 
Above a forest canopy the wind speed profile is expected to show the logarithmic form 
discussed in Chapter 2, and between 0.6 h <z < h, can be represented by an exponential curve 
of the form 
u(z)=u(h)exp[a(zlh- 1)] 	 [4.1] 
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(Cionco, 1978) where a is a canopy flow index or attenuation coefficient reflecting the 
structure and density of the canopy, and its effect on airflow within the canopy. 
An estimate for a was obtained for the black spruce canopy in this study in the following 
manner. A value for u(h) was found from the normalised wind speed profile (Figure 4. la), and 
a value read for u(h). Using Equation 4. 1, values of a were adjusted until the predicted value 
for u(0.7 h) was equal to the measured value at that height. The resulting estimate for a was 
1.9. Calculated wind speeds for the region of the profile between 0.6 h to h are superimposed 
on the measured wind speed profile shown in Figure 4. la. 
The value of a should increase with canopy density (Shinn, 1971, cited in Cionco, 1978; 
Cionco, 1983), and this was verified by Amiro (1990a) who found a to have values of 4.8, 
3.2 and 2.6 for canopies with an LAI of 10 (spruce), 4 (aspen) and 2 (pine) respectively. In 
contrast, Irvine (1994) found that a did not bear a simple relationship to LAT in three 
differently spaced Sitka spruce stands, but that stand structure played a part in determining 
the rate of attenuation of wind speed. Pinker and Moses (1982) found different values of a for 
the upper and lower canopies in a tropical forest (a = 4 and 1.7 respectively). 
The value of a calculated for the black spruce forest studied here is lower than any of those 
found by Amiro (1990a), but lies within the range quoted by Cionco (1978) for spruce forest 
of 2.74 ± 1.29. The low attenuation coefficient reflects the open nature of the forest canopy 
above 0.6 h, resulting in relatively unrestricted air flow in this region. 
4.3 Momentum Flux 
The normalised momentum flux profile is shown in Figure 4.1(b). The average value of 
momentum flux at 2.6 h is -0.40 ± 0.013 N rn -2 . The profile displays a slight decrease between 
2.6 h and 0.7 h. There is then a rapid decrease to almost zero between 0.7 h and 0.26 h, and a 
slight further decrease between 0.26 h and the lowest measurement height at 0.15 h. 
The decrease in shear stress between 2.6 h and 1.32 h is unexpected. One would expect the 
flux in this layer to be constant, because there are no possible sources or sinks of momentum 
above the canopy. There are several factors which may account for the shape of the 
momentum flux profile above the canopy. 
1) The profile may represent flow conditions that are not in equilibrium with the underlying 
surface (Kruijt, 1994). If fetch requirements are not satisfied, the upper anemometer (2.6 h) 
will be recording turbulent flow from a surface upwind which may have different flow 
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characteristics from those being recorded by the lower anemometer (at 1.32 h). However, with 
a fetch of over 1 km, the air flow up to the maximum measurement height should represent 
flow conditions over the underlying surface (Gash, 1986a; Wieringa, 1993; Kruijt, 1994; this 
thesis, Section 2.2.6). 
There are a few tall trees (mainly tamarack) which protrude up past the level of the 
anemometer at 1.32 h. These may interfere with the air flow and act as a sink for momentum 
in the layer immediately above the canopy. However, it seems unlikely that these trees would 
have sufficient impact on the flow to account for 20 % of the total momentum flux. 
The shape of the profile may be an artefact of the sampling strategy, as discussed in 
Section 4.1. The error bars associated with the mean value at 1.32 h are much larger than for 
the longer term measurement heights, because the day to day variability is not smoothed out so 
effectively. The upper limit of the standard error at 1.32 h is very close to the normalised 
mean flux at 2.6 h, and the difference may simply be a result of sampling error. 
The shape of the momentum flux profile above the canopy can probably be explained with a 
combination of 2) and 3) above. Baldocchi and Meyers (1988a) also noted a shear stress 
gradient in the region above the canopy of a deciduous forest, citing topographic effects, 
instrumental error and canopy heterogeneity as possible contributory factors. 
The remaining portion of the momentum flux profile indicates that the bulk of momentum 
absorption (-. 70 %) occurs in the lower half of the canopy, between 0.7 h and 0.26 h. The 
region above this absorbs only a small fraction of the total momentum flux, owing to the open 
nature of the upper portion of the black spruce canopy. This is in contrast to other shear stress 
profiles reported in the literature, where the bulk of momentum absorption occurs in the 
uppermost part of the canopy, for example Baldocchi and Meyers (1988a) found that 90 % of 
the momentum was absorbed in the top 20 % of the canopy in a deciduous forest. McCracken 
(1993) similarly found almost all of the momentum absorbed in the top of the canopy in a 
dense Sitka spruce stand. 
4.4 Zero Plane Displacement and Roughness Length 
Two parameters that are commonly used to describe the roughness characteristics of a 
vegetated surface are the zero plane displacement (d) and the roughness length (z0). Typical 
values for d/h in plant canopies are 0.6 - 0.8, and for z,/h are 0.08 - 0.12 (Monteith and 
Unsworth, 1990). Values of dlh tend to be higher in coniferous forests than in crops (Jarvis et 
al., 1976). These values depend on the height of the roughness elements (h), and should 
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therefore be constant for a particular surface (Stull, 1988; Garratt, 1992). However, some 
field experiments and wind tunnel studies have shown a dependence of z 0 and d on wind speed. 
This is a result of the flexibility of plant elements. A plant canopy becomes increasingly 
streamlined as wind speed increases; this reduces its efficiency at absorbing momentum, and 
therefore reduces z0 . Bending of a canopy in windy conditions effectively reduces its height, 
and therefore also reduces the level of d (Oke, 1978). Thom (197 1) found d to decrease in a 
bean crop as wind speed increased. However, this does not seem to be the case in forest 
canopies. Landsberg and Jarvis (1973), and Gardiner (1994), both working in Stka spruce 
plantations, found no evidence of a relationship between d and wind speed. 
Other factors affecting the aerodynamic properties of a plant canopy are the density and 
structure of the vegetation. For two canopies of equal height, it might be expected that air 
could penetrate deeper into a sparse canopy than a dense canopy (Garratt, 1992). A d/h value 
of 0.54 was calculated for a very sparse sorghum crop (Azevedo and Verma, 1986). The 
corresponding value the previous year was 0.61, when the crop was much denser. Green et al. 
(1995) studied three differently spaced Sitka spruce stands, and found the penetration depth to 
increase with decreasing LA!. Shaw et al. (1988) found a similar result in deciduous forest. 
Hicks et al. (1979) suggested that the value of d/h of 0.64 chosen by Garratt (1978) to 
represent a sparse tree canopy with savannah clearings was too high, and that dlii should 
actually be less than 0.2, to fully account for the effect of the clearings on the aerodynamic 
properties of the site. Vertical distribution of foliage also affects the manner in which a 
canopy absorbs momentum (Shaw and Pereira, 1982). For a sparse canopy, z0 and d are 
higher when the vegetation is located towards the top of the canopy (Monteith and Unsworth, 
1990; Irvine, 1994). 
If a wind profile has been measured well above a plant canopy, in the inertial sublayer, a value 
for d may be found graphically, being the value that produces a straight line when ln(z - d) is 
plotted against u(z). z0 and u. can then be deduced from the graph. This method cannot be 
used if measurements are included from within the roughness sublayer (Garratt, 1992), 
because the momentum flux is not constant in this region. This method is also open to errors 
in fitting the curve (Raupach and Thom, 1981). Despite these drawbacks, this method is 
commonly used because of the simplicity of measuring a wind speed profile. 
If a profile of shear stress is also available (i.e. u. is known) then just two measurements of 
wind speed are required. Again, they must both be from within the inertial sublayer, rather 
than the roughness sublayer. Equation 2.5 can then be solved simultaneously for d and z0. 
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A third method of calculating d and z0 is to follow the definition of d as being the level of the 
mean momentum sink (Thom, 1971; Jackson, 1981). This enables d to be found from the 
profile of shear stress (Pereira and Shaw, 1980; Brunet et al., 1994). The value for d is then 
substituted into Equation 2.5 along with u (which is known from the shear stress 
measurements), and a value for zo can be obtained. 
In this study, profiles of both wind speed and shear stress were measured. However, only one 
measurement point was high enough above the canopy to lie in the inertial sublayer, so neither 
the first nor second method outlined above could be used. The third method was used, 
calculating d as follows: 
h 
f z(Au' w' / Az)dz 
- z=O 
h - 
f (iu' w' / Az)dz 
z=O 	 [4.2] 
The measurements at 13.2 m were taken to represent the canopy top (h), and it was assumed 
that the shear stress at the ground was zero, giving four levels of known momentum 
absorption. The value obtained for the zero plane displacement was d = 4.5 m (d/h = 0.45). 
The shear stress profile (Figure 4. lb) is comprised of all of the 3-point daytime profiles, 
normalised by the value at the top measurement height, and put together to form a 5-point 
profile. The individual 3-point profiles are insufficient to obtain estimates of d, so half-hourly 
or daily values of d cannot be calculated. Consequently, no investigation can be made into the 
dependence of d on wind speed or stability. 
Once the zero plane displacement had been established, it was substituted back into the wind 
profile equation and a value for z0 was obtained. All the measurements represented in the 
shear stress profile were made in unstable daytime conditions. The form of the wind profile 
equation for non-neutral conditions is 
k-= In[ 	1_Wm 
16 	[zo] 
[4.3] 
where Tm  is an integrated stability correction factor (Paulson, 1970; Garratt, 1992) 
Tm (zIL) = 2 In [(l+x)/2] + In [(l+x2)/2] - 2tan'x + 7t/2 	[4.4] 
and X = 9m1 given (for unstable conditions) by: 
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x = (1 - 16(z/L)) 114 	 [4.5] 
(Dyer and Hicks, 1970; Dyer, 1974). The value of z0 was calculated for each half hour 
measurement period for DOY 144, 146, 149 and 151, and the average value was obtained. 
With a zero plane displacement of 4.5 m, z0 was found to be 1.03 ± 0.04 in (i.e. 0.1 h). The 
largest source of error in this method of calculating z0 is the uncertainty associated with each 
half-hourly momentum flux value: a 10 % change in momentum flux gives a 7 % change in z0 . 
However, as no systematic errors were identified in the measurement of momentum flux, 
deviations should be random, and its effects reduced by the averaging procedure. 
The value for roughness length is similar to values in other plant canopies, but the value for 
d/h is much lower than is reported elsewhere. This may be related to the very open canopy 
structure, which allows the wind to penetrate deep into the forest with relatively little 
obstruction. The low value of the zero plane displacement (calculated from the momentum 
flux profile) is supported by the low attenuation coefficient, a (calculated from the wind speed 
profile). 
Amiro (1990a) suggested that much of the spread of values reported for d around the general 
range (0.6 - 0.8 h) could result from the degree of subjectivity in the choice of a value for 
canopy height in heterogeneous canopies, such as the black spruce canopy studied here. 
However, it seems that this is an over-simplification of the situation, and more complex 
factors such as canopy density and vertical distribution of foliage must be taken into 
consideration. 
4.5 Turbulence Statistics 
4.5.1 Standard deviation 
The profiles of normalised standard deviation for the three wind speed components (Figure 
4.2) are all fairly constant with height above the canopy, and decrease rapidly between the 
canopy top and 0.26 h. Below this level, qu values remain roughly constant with height, 
corresponding to the low wind speeds in this region. Values of o, increased slightly towards 
the ground, and aw continued to fall. The actual values measured above the canopy are 1.4, 
1.3 and 0.8 in for o, av and o, respectively. These are similar to values found by Amiro 
(1990a) above pine, aspen and spruce canopies (a  1.3, o,, 1.2, o  0.8). The shapes of 
the profiles presented here illustrate the decrease in eddy size with depth into the forest 
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Figure 4.2 Profiles of normalised, standard deviations of (a) streamwise, (b) transverse 
and (c) vertical velocity fluctuations. 
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Figure 4.3 Profiles of turbulence intensities of (a) streamwise, (b) transverse and 








by the underlying surface. The horizontal deflection of eddies may account for the increase in 
o at the same level. 
In his review of canopy turbulence, Raupach (1988) showed that profiles of q,/u. and cr/u1 
are similar for a wide range of canopy types in neutral atmospheric conditions. The profiles of 
oj/u and oJu  measured in the black spruce canopy for near-neutral conditions are shown in 
Figure 4.8, superimposed on those presented by Raupach (1988); it can be seen that they 
agree well with the profiles from the other canopies. The values of cr./u. and oJu  at 2.6 h 
were 2.25 and 1.23, respectively. These are close to the expected surface-layer values, and 
will be discussed further in Section 4.7. 
4.5.2 Turbulence intensity 
The standard deviations of the wind components are usefully related to wind speed by defining 
turbulence intensities 1., 1 1 as o1JU, oU, oJU,  respectively. The shape of the 
turbulence intensity profiles is clearly determined by the behaviour of the mean wind speed 
and standard deviation profiles. 
The profiles of turbulence intensities presented in Figure 4.3 show the median value for each 
level, with the 15th and 85th percentiles indicating the spread in the data. These statistics were 
used because the low wind speeds at the lower measurement heights gave rise to some 
erroneously high values for turbulence intensity, which distort the mean and the standard 
error. For all velocity components, the turbulence intensity increased with depth into the 
canopy, i.e. the size of the fluctuations increased with respect to the mean wind speed. It is 
common that the intensities rank in the order Iu > > (Shaw et al., 1974). This was the 
case above and within the black spruce canopy, except at the lowest two measurement heights 
where J,, exceeded 1. This was also found by Baldocchi and Hutchison (1987), and Lee and 
Black (1 993 a) found I = I. In this investigation, I, and I,, increased steadily with depth 
through the canopy. 1 increased more rapidly at the bottom of the profile because there was 
an increase in o,, at this level, without a corresponding rise in wind speed. 
Amiro (1990a) found a mid-canopy peak for 1w in pine and aspen canopies, and for all three 
wind components in a spruce forest. Baldocchi and Meyers (1988a) found that 1 1, and 1w all 
peaked near the canopy top in a deciduous forest, and Lee and Black (1993a) showed I 
reaching a maximum at 0.5 h. These maxima tend to be associated with the lowest mean wind 
speeds and will, therefore, be likely to occur in a canopy which displays a secondary wind 
maximum in the tnmkspace, above the level of this sub-canopy jet. As discussed above, the 
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Figure 4.4 Standard deviations of u and w for (a) daytime and (b) night-time measurements, 
at zlh = 2.6, 0.7 and 0.26, in relation to the wind speed at 2.1 h. Note the difference in vertical 
scales between the daytime and night-time cases. 
measurement height, and that was where the maximum values of I u and I, occurred. 1 had a 
peak at 0.26 h, below which it decreased again. This is because in the below-canopy region, 
was still falling rapidly, but wind speed was roughly constant with height. 
Values of °i and o are compared for daytime and night-time conditions in Figure 4.4. These 
graphs were constructed by sorting the standard deviation data into bins according to the wind 
speed at 2.6 h, then taking the average and standard deviation of the values in each bin. It can 
be seen that a positive relationship between wind speed and o or o, existed during the day 
and at night down to wind speeds of 2.5 - 3 m s'. At night there was much more scatter, 
especially at low wind speeds. The night-time data show a slight increase of o  with 
decreasing wind speed below 2.5 m s', but this is inconclusive because there were few 
measurement points at the lowest wind speeds, and the standard errors are high. Thus, 




Day I 	Night 	I Day Night 
2.6 0.37 0.25 0.21 0.12 
0.7 0.88 0.66 0.50 0.38 
0.26 1.59 1.09 	1 1.09 0.76 
Table 4.1 Streamwise and vertical turbulence intensities for 
daytime and night-time conditions 
Approximate turbulence intensities, calculated by dividing the average of the standard 
deviations for each height by the corresponding average wind speed, are shown in Table 4.1. 
Taken with Figure 4.4, they show that for a given wind speed, the values of o, and or,,, were 
lower at night than those measured during the day, for all heights. This is because convection 
during the day resulted in more vertical movement of air than under stable night-time 
conditions, when vertical movement was suppressed, resulting in lower turbulence intensities. 
4.5.3 Skewness 
Skewness and kurtosis profiles were calculated from data for six days. The number of half 
hour periods analysed at each measurement height is shown in Table 4.2. The values 
presented in the graphs are the means and standard errors of all the half hours at each height. 
Instrument z/h N 
Gi1120 2.6 180 
Gi1109 1.32 50 
Gill09 0.7 131 
Gi1183 0.26 137 
Gi1183 1 	0.15 1 	45 
Table 4.2 The number of half-hour measurement periods 
(N) used at each height to define the profiles of skewness 
and kurtosis of horizontal and vertical velocity 
fluctuations. 
Profiles of skewness of u, v and w fluctuations are shown in Figure 4.5(a). At 2.6 h the 
skewness of all three wind components was approximately zero, indicating a Gaussian 
distribution of the velocity fluctuations. The skewness of transverse velocity fluctuations, S,,,, 
remained at around zero throughout the profile. The skewness of the streamwise fluctuations, 
was positive throughout the profile. It increased slightly between 2.6 h and the canopy top, 
then rapidly to a peak value of 1 at 0.7 h; below this height S decreased to zero towards the 
ground. This decrease in S corresponds to the level of momentum absorption in the lower half 
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Figure 4.5 Profile of (a) S, 5, and S and (b) K, K and K. The dotted lines represent 
the values of a Gaussian distribution. 
was also reported by Gardiner (1994), who found the maximum S in a Sitka spruce 
plantation to occur at the level of the zero plane displacement. Baldocchi and Meyers (1988a) 
found the maximum skewness values to occur where the canopy was most dense in a 
deciduous forest; this was also found by Baldocchi and Hutchison (1987) in an almond 
orchard, Amiro and Davis (1988) in a black spruce forest, and Green et at. (1995) in three 
Sitka spruce stands of different spacing. 
The skewness of vertical velocity fluctuations, S, was negative within and close to the 
canopy, decreasing approximately exponentially with depth to a peak skewness of -1.8 at 
0.26 h. This pattern existed because air continued to move downwards throughout the whole 
canopy, but with increasing depth the contribution of upwards-moving air became less, so the 
velocity distribution became more weighted towards the downwards-moving air. The slight 
fall in skewness below 0.2 h may have been caused by downward-moving air being deflected 
horizontally by the ground surface (Baldocchi and Hutchison, 1987). The peak in the S 
profile occurred higher up than that for S. Skewness profiles with maxima within the canopy 
have been found in a number of other studies, e.g. Green et al. (1995), Amiro (1990a) in 
spruce, pine and aspen forests, Lee and Black (1993a) in a Douglas fir stand, and Shaw and 
Seginer (1987) in a wind tunnel. Only Irvine (1994) and Baldocchi and Meyers (1988a) found 
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S,,, to continue to rise as the forest floor was approached. The latter authors ascribed this to 
the effects of a sloping site. 
Analysing data from the Kansas experiments, Antonia et al. (1981, 1982) found that the 
magnitude of S,,, in the surface layer increased with increasing instability. (They found the 
same phenomenon for the skewness of temperature; this is discussed in Chapter 7). For S,,,, 
measured above the black spruce forest canopy, no relationship with stability could be 
identified. Leclerc et al. (1991) investigated the effects of buoyancy on vertical velocity 
skewness within a deciduous forest canopy, and found (for unstable conditions) that the 
magnitude of S decreased with increasing instability. This might be expected, as down-
draughts are 'counteracted' by buoyant up-draughts. Irvine (1994), however, found no 
evidence to support the findings of Leclerc et al. (1991). In the present study no relationship 
was found between S,,, within the canopy and atmospheric stability. This, coupled with the 
similar result obtained above the canopy, supports Irvine's conclusion that shear production is 
more important than buoyancy in influencing the skewness characteristics within a forest 
canopy. 
4.5.4 Kurtosis 
Profiles of kurtosis of u, v and w fluctuations are shown in Figure 4.5(b). As is the case for 
the skewness values, at 2.6 h the kurtosis values for all three wind velocity components were 
approximately equal to that of a Gaussian distribution. The kurtosis values for the streamwise 
and transverse velocity components (K and K,, respectively) followed the same profile, 
increasing only slowly, reaching a value of about 5 at 0.4 - 0.7 h, and decreasing slightly 
below 0.2 h. These profiles were similar in both shape and magnitude of peak values to results 
from other forest stands (e.g. Baldocchi and Hutchison, 1987; Lee and Black, 1993a; Irvine, 
1994). Amiro (1990a) noted that K  and K,, peak at the point where the canopy is most dense. 
This was also the case for the black spruce canopy, with the largest values of Ku and K,, 
occurring within the region where the canopy absorbs most momentum. 
The kurtosis of vertical velocity fluctuations, K,  increased little between 2.6 h and the 
canopy top, then increased rapidly to a value of about 13 close to the ground. These values are 
comparable to those found by Amiro (1990a), Irvine (1994) and Green et at. (1995). The 
shape of the profile, with maximum values close to the ground, indicates that with depth into 
the canopy, downward-moving gusts of air became increasingly intermittent; small-scale 
vertical movements were absorbed by the canopy elements and only large-scale eddies 
penetrated through to the lowest levels in the profile. Values of K w were most variable close to 
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Figure 4.6 (a) Skewness and (b) kurtosis of w at 0.26 h in relation to wind speed at 0.7 h 
and 2.6 h, for night-time measurements. Dotted lines represent Gaussian values. 
measurement heights. This was also found by Amiro (1990a), and it illustrates the more 
irregular nature of turbulence at this level compared to higher up in the canopy. 
Profiles of K  with a shape similar to that shown here, i.e. reaching a maximum value close to 
the ground, have been found within forest canopies by Amiro and Davis (1988), Baldocchi 
and Hutchison (1987) and Irvine (1994). In contrast, Green et al. (1995) and Lee and Black 
(1993a) found Kw to peak in the canopy, suggesting that large gusts are efficiently blocked 
from penetrating through into the trunkspace. Skewness and kurtosis data during night-time 
conditions showed a similar situation at this site. The profile of S calculated for night-time 
conditions had a lower maximum skewness value than the daytime profile (-1.2 compared to - 
1.6 at 2.6 m), and this was also found by Baldoechi and Meyers (1988a) in a deciduous forest. 
Figure 4.6 shows S and Kw at the lowest measurement height during the night-time periods 
plotted against the wind speeds at 7 m and 26 m. For wind speeds above about 2.5 m s' (at 26 
m), S and Kw increased with increasing wind speed, and were comparable to the daytime 
values. For wind speeds below 2.5 m s, values of S and Kw were both close to those for a 
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Gaussian distribution. This indicates that no gusts were penetrating to this level, and the 
velocity distribution was composed of very small fluctuations. 
4.6 Time and Length Scales 
Eulerian integral time scales were calculated for seven days, covering a range of wind speed 
conditions, with eight half-hour periods analysed on each day. The number of days for which 
data were analysed at each height is given in Table 4.3. 
z/h Number of days Instrument 
TIV 
2.6 7 7 Gi1120 
1.32 2 4 Gill09, CA27i 
0.7 5 5 Gi1109 
0.48 0 2 CA27ii 
0.26 7 7 Gi1183 
Table 4.3 The number of days on which horizontal (Ta) 
and vertical (T)  time scales were calculated at each 
height. 
For two days Gi1109 and CA27i were operated together at 13.2 m. It is not possible to apply 
co-ordinate rotations to the CA27 1 -D anemometer, and the vertical time scales from this 
instrument were 30% higher than those from the 3-D Gill anemometer. Measurements of T 
from CA27i presented in the time scale profile at 13.2 m were divided by 1.3 to correct for 
this difference. No such instrument comparison was done for CA27ii, operated at 5 m. 
However, no rotations are applied to vertical velocity fluctuations within the canopy, so a 
discrepancy of the magnitude of that found above the canopy should not arise. 
Integral time scales of streamwise velocity (Ta)  were longer than for vertical velocity (T), 
with T  ranging from 2 to 9 seconds and Tw from 1 to 5 seconds. Figure 4.7(a) shows the 
average profiles of T  and Tw over the seven days analysed. T  was roughly constant bclow 
0.7 h, with a value of about 4 seconds. It increased above this, most rapidly between 0.7 h and 
the top of the canopy, to a value of about 6.5 seconds at 2.6 h. Tw had a fairly constant value 
of about 1.8 seconds between the canopy top and 0.48 h. It increased below this level to about 
2.2 seconds, and above the canopy to a value of about 2.5 seconds at 2.6 h. 
The lowest values of T  occurred where the canopy was most dense. This was also found to 
occur in a corn canopy (Wilson et al., 1982) and in a deciduous forest (Baldocchi and 
Meyers, 1988a). The time scales may be expected to decrease with depth into the canopy, as 
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Figure 4.7 Profiles of (a) vertical and streamwise integral time scales (T  and  T  respectively) 
and (b) vertical and streamwise length scales normalised by canopy height (L,Jh and La/h  respectively). 
canopy may be the result of the canopy elements breaking up the turbulence most effectively 
where the canopy is densest, leading to a lower integral time scale in this region compared to 
that below the canopy where air can circulate more freely. It is also possible that the increase 
in time scales towards the ground occurred because the low wind speeds at this level carry the 
eddies past the sensor more slowly, and hence the wind signal remains correlated for longer. 
Integral length scales of turbulence were calculated as described in Chapter 2, as: 
L=U.T 	 [4.6] 
L W  U.T [4.71 
and are shown in Figure 4.7(b). The horizontal and vertical length scales both showed a 
decrease from above the canopy to 0.26 h. Horizontal length scales were 2 - 4 times larger 
than the vertical length scales, with values of roughly 8 m for Lw and 28 m for L at 2.6 h. 
The most rapid increase in length scale was in the region between 0.7 h and the canopy top. 
This agrees with the results of Allen (1968) in a larch plantation and Gardiner (1994) in a 
Sitka spruce plantation, who both found a sharp increase in the horizontal length scale above 
the densest part of the canopy. The values at the top of the canopy were L = 1.1 h and Lw = 
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0.3 h. These are in close agreement with the integral length scales at the canopy top given by 
Raupach (1988). 
Several authors have noted an increase in length scales as the ground is approached (e.g. 
Allen, 1968; Baldocchi and Meyers, 1988a, in a deciduous forest; Amiro, 1990a, in a black 
spruce forest). Baldocchi and Meyers (1988a) attributed this phenomenon to the contributions 
of large-scale intermittent eddies (indicated by skewness and kurtosis values) to the 
autocorrelation function. Amiro (1990a) suggested that these large-scale motions are too 
short-lived and infrequent to affect the time scales. This is supported by the data presented 
here, where the skewness and kurtosis data indicate the presence of large scale intermittent 
motions penetrating the canopy, but no corresponding increase in length scales is evident in 
the profiles shown in Figure 4.7(b). 
Figure 4.8 (a-h) shows the profiles of wind speed, momentum flux, au/u. and oJu.,  skewness 
of vertical and streamwise velocity fluctuations, and vertical and streamwise integral length 
scales of turbulence from this study (labelled BS), plotted together with the profiles presented 
in Raupach's (1988) review of turbulence in a range of plant canopies. Details of the canopies 
are given in Table 4.4. 
Canopy Site Reference h LAI 
Strips WT Raupach etal., 1986 60 min 0.23 
Wheat WT Brunet et al., 1993 47 mm 0.50 
Rods WT Seginer etal., 1976 19 cm 1.0 
Corn Elora Shaw et al., 1974 260 cm 3.0 
Corn Elora Wilson et al., 1982 225 cm 2.9 
Eucalpyt forest Moga Raupach etal., unpub 12 m 1.0 
Pine forest Unarra Denmead and Bradley, 1987 16, 20 m 4.0 
Pine forest Bordeaux Brunet, unpub 20 m 3.0 
Table 4.4 Physical properties of the canopies for which turbulence profiles are shown in 
Figure 4.8. WT is wind tunnel. (From Finnigan and Brunet, 1995). 
The results from this study show excellent agreement with those from other canopies. The 
only notable difference is seen in the profiles of momentum flux, which is similar in shape to 
the normalised momentum flux profiles from other studies, but has the region of rapid 
momentum absorption shifted to a lower level of z/h. The good collapse of the turbulence 
profiles presented here onto those from a diverse selection of other canopy types, when plotted 
against z/h, adds weight to a growing body of evidence which suggests that canopy height is 
an important length scale governing turbulence characteristics within plant canopies, despite a 
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4.7 Similarity Relations 
This section describes the surface-layer similarity relationships, discussed in Chapter 2, for 
the normalised variances of vertical and streamwise velocity, temperature and water vapour 
fluctuations. All data presented are for daytime measurements made at 2.6 h. 
Figure 4.9 shows the relationship between -(z - d)/L and the normalised variances of vertical 
velocity (a), temperature (b) and water vapour (c). The relation for streamwise velocity is not 
shown, as it has been found not to conform well to M-O scaling (van den Hurk and de Bruin, 
1995). Data from 12 days were used for the velocity analysis, and 10 days for the temperature 
analysis. In each case, 43 half-hour periods had near-neutral atmospheric conditions. Only 
three days of data were available for analysing water vapour fluctuations above the canopy, 
and within that period, less than 10 half-hour periods had near-neutral stability. 
The average values of normalised variance in near-neutral conditions were be 1.23, 2.25 and 
2.02 for vertical wind speed, streamwise wind speed and temperature, respectively. The water 
vapour fluctuations did not show this tendency towards a constant value as neutrality is 
approached, in part because of the lack of data in near-neutral conditions, and in part because 
of a high degree of noise evident in the data. These values agree well with typical values for 
the surface layer in near-neutral conditions obtained over flat, uniform terrain, given in 
Chapter 2 (1.25, 2.4 and 2 for w, u and T respectively; see Figure 4.8 for a comparison of 
crJu, and ojju. with values from other canopy types). Similar values of oJu  and aju. have 
also been obtained over a variety of other land surfaces, e.g. Bradley etal. (198 1) over wheat, 
McBean (197 1) and Thurtell et al. (1970) over short grass, Maitarn (1977) and Ohtaki and 
Oikawa (1985) over paddy fields, and Haugen et al. (1971) over wheat stubble. Results 
obtained over forests vary: a value of 1.16 for oJu1 was obtained over a Douglas fir stand 
(Lee and Black, 1993a); Pinker and Holland (1988) got values for streamwise and transverse 
velocity variances over a tropical forest 'a few percent lower' than the typical values. Shaw et 
al. (1974) made measurements of o,/u. over wheat fields and a pine forest, and values over 
both surfaces agreed well with the typical values quoted above. McCracken (1993) and Green 
et al. (1995) both obtained values of 1.1 for a,,/u. above Sitka spruce forests. Raupach 
(1988) pointed out that typical surface layer values are often not reached until some distance 
(more than 2 h) above vegetation. Some of the low results may be an artefact of the 
measurement height. Results from wind tunnel studies also show variation: Raupach et al. 
(1986) found o- /u* to be considerably lower than that quoted above, whereas Brunet et al. 
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Figure 4.9 Relationship of (a) o,,/u., (b) o1/T and (c) ciq/q. with the surface-layer 
stability parameter -(z - d)/L. The solid lines represent the relations given in Equations 
4.11, 4.12 and 4.10 for w, Tand q respectively. All measurements were made at 2.6 h. 
The near-neutral value of about 2 obtained for CTT/T.  is in agreement with the values obtained 
from the Kansas experiments (Tillman, 1972), and also some more recent results (e.g. 
Smednian-HogstrOm, 1973, over cultivated land; Ohtaki, 1985, over wheat fields; Weaver, 
1990, over tall grass prairie). However, other measurements show large variation, ranging 
from about 1 (Wesely, 1970; Hogstrom and Smedman-HOgstrom, 1974; McAneny et al., 
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1988) to 4.5 (Weaver, 1990). Unfortunately, because of insufficient data at 2.6 h, the near-
neutral value of o/q above the black spruce forest could not be established. 
The graphs in Figure 4.9 all show the expected gradient of± 1/3 in the free convective region, 
where the curves conform to the relations: 
o/u,= 1.8(-(z-d)/L) 113 	 [4.8] 
o/T. = 1 (-(z - d)/L)' [4.9] 
o/q.= 1.3 (-(z-d)/L)" 3 	 [4.10] 
for vertical velocity, temperature and water vapour fluctuations respectively. 
For vertical velocity and temperature the coefficients in these functions are in agreement with 
published values. The coefficient for water vapour, 1.3, is higher than expected, but is not far 
from the value of 1.25 obtained by Wesely (1983, 1988) for water vapour, ozone and CO 2 . 
Wesely (1988) assumed that this value would also apply to temperature fluctuations, but this 
was not the case for the data presented here, where the coefficient is larger for water vapour 
than for temperature. This pattern has also been found by HOgstrom and Smedman-HOgstrom 
(1974) and Ohtaki (1985). The similarity relation for variance of water vapour shows much 
more scatter than either vertical velocity or temperature. This may be caused, in part, by 
instrument noise. However, it has also been noted by Weaver (1990), McBean (1971), 
Smedman-HOgstrom (1973) and Hagstrom and Smedman-HogstrOm (1974) that was 
much more variable than 	in the free-convective region. 
The solid lines on the plots of a.Ju and CTT/T*  are the similarity relations for the whole of the 
unstable region, given by: 
= 1.23 [1 -3.13((z-d)/L)] 113 	[4.11] 
and 	 op'T. = 2 [1 - 8((z - d)/L)1 113 	 [4.12] 
For 0q/q* the solid line is given by Equation 4. 10, the free-convective similarity relation. 
It can be seen that the free-convective limit for temperature fluctuations is approached at a 
lower instability than for vertical velocity fluctuations (-(z - d)/L 0.15 for cr./T, and 0.25 
for aJu). This was also found by McBean (1971). This implies that buoyancy becomes an 
important scaling factor for temperature fluctuations while vertical velocity fluctuations are 
still being influenced by mechanically generated turbulence. 
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The forms of the similarity relations in unstable conditions above the black spruce forest are 
used in Chapter 7 of this thesis to estimate sensible heat flux from the fast-response 
thermocouples, following the approach of Tillman (1972). 
4.8 Conclusions 
The striking feature of the above results is the level of the zero plane displacement that was 
found for the black spruce forest, which is much lower than has been found in most other 
plant canopies. This result has implications for other work done in very sparse canopies, as it 
emphasises the role of canopy structure in influencing the distribution of momentum 
absorption within a canopy, rather than assuming dto be a constant fraction (about 2/3) of h. 
Within the forest canopy the air movement was found to be highly turbulent. Thus Taylor's 
hypothesis is invalid, and any results obtained using Taylor's hypothesis will be suspect. 
Turbulence within the forest canopy was also found to be non-Gaussian. The skewness and 
kurtosis profiles indicate the presence of intermittent fast-moving downward gusts of air 
which penetrate to the lowest depths of the canopy during the day, but do not reach the lowest 
portion of the canopy during very low wind speeds at night. 
The integral length scales at the canopy top are of the order of canopy height. This is in 
agreement with the details of canopy turbulence presented by Raupach (1988), which 
concluded that canopy-scale eddies dominate the turbulence within the canopy. 
The profiles of turbulence statistics, plotted against z/h, agree well with those presented by 
Raupach (1988) for a wide range of very different real and artificial canopy types. This 
reinforces the importance of canopy height as a scaling factor for turbulence at all heights 
within a plant canopy. This is investigated further in Chapter 6, as a means of scaling spectral 
peaks within the forest canopy. 
The surface-layer similarity relations for o-,,,/u., o/T and 	established over flat, 
uniform terrain in earlier studies, were found to hold in the surface-layer above the forest for 
the unstable region. This is also in agreement with measurements made over a variety of other 
vegetation types. 
Knowledge gained about the nature of turbulent flow within the forest canopy has implications 
for both the modelling of canopy exchange processes, and direct measurement of turbulent 
fluxes. In Lagrangian modelling of turbulent transport of scalars within a canopy, it is often 
assumed that flow can be represented by a Gaussian distribution. However, in a situation 
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where the flow is highly intermittent, this may not be a reasonable characterisation of the flow. 
For measurement of turbulent fluxes by eddy covariance, the accuracy is limited by the 
response time of the instruments in relation to the time scale of the fluctuations dominating the 
flux. To have confidence in flux measurements made in a highly turbulent canopy 
environment, it is important to know whether the fluxes are dominated by large-scale or small-
scale air movements. This issue is addressed in the following two chapters: Chapter 5 uses 
quadrant analysis to study the apportioning of turbulent transport between small and large 
turbulent events, and Chapter 6 uses spectral analysis to identify the dominant time and length 





Quadrant analysis provides a technique for analysing momentum and scalar fluxes in terms 
of constituent air movements, allowing the relative importance of the different types of air 
movement to be assessed (see Section 2.6). The analysis can be extended to determine the 
relative importance of events of different sizes to the total flux. It is convenient to define 
arbitrarily normal and extreme events for interpreting this information. The amount of time 
dedicated to normal and extreme events can be analysed, giving an indication of the 
intermittency of the turbulent transport of momentum and scalars. 
Quadrant analysis has been used in wind tunnel studies to examine the transport of 
momentum (Lu and Willmarth, 1973) and heat flux (Raupach, 1981; Raupach et al., 1986). 
The technique has also been applied to natural vegetation canopies, in which the transport of 
momentum and heat (Grant et al., 1986; Maitani and Ohtaki, 1987) and water vapour 
(Bergstrom and HOgstrom, 1989) have been studied above rough vegetated surfaces, and 
also within plant canopies (Shaw et al., 1983; Baldocchi and Meyers, 1988a; Moritz, 1989; 
Lee and Black, 1993a,b; McCracken, 1993). 
In this study, quadrant analysis was done on data from three days, DOY 161, 174 and 211. 
The first two days had wind speeds in the range of 3 - 6 m s 1 , and DOY 211 was calm. For 
each of these periods momentum and sensible heat fluxes were measured at three heights 
(26 m, 7 m and 2.6 m). In addition, latent heat fluxes from the open-path IRGAs were 
analysed for the lower two measurement heights. No raw water vapour data from the EdiSol 
system at 26 m were available for analysis. All of the results presented below are averages 
for 12 consecutive half-hour daytime measurement periods. To aid interpretation of the 
results from the quadrant analyses presented in the following sections, mean conditions for 
the periods studied are given in Table 5.1. Results from DOY 161 and 174 were similar, and 
for clarity only the data from DOY 161 and 211 are presented graphically. 
This chapter presents the following analyses: 
A hole size, H, is defined to delimit normal and extreme events for momentum transport. 
The intermittency of momentum transport above and within the canopy is discussed 
briefly, before studying the distribution of the flux contributions between the quadrants. 
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DOY 	zj72 Wind speed Momentum flux Sensible heat Latent heat 
(m s 1 ) (N rn-2 ) flux (W rn-2) flux (W rn-2) 
161 	2.6 3.8 -0.364 352 107 
0.7 0.9 -0.264 270 37 
0.26 0.3 -0.020 97 23 
174 	2.6 5.6 -0.804 308 142 
0.7 1.3 -0.504 190 44 
0.26 0.3 -0.026 50 18 
211 	2.6 2.4 -0.120 255 212 
0.7 1.6 -0.168 196 90 
0.26 0.2 -0.048 63 47 
Table 5.1 Average wind speed, momentum flux and sensible and latent heat 
fluxes over the periods studied for each day at the three measurement heights. 
3) The transport of heat and water vapour is analysed, focusing on the distribution of the 
flux within the quadrant framework for momentum, and the extent to which the scalar fluxes 
are dominated by extreme events. 
5.2 Momentum Transport 
5.2.1 Definition of extreme events 
Extreme events have generally been defined as being those occurring at or above a certain 
hole size which accounts for roughly 50 % of the total momentum flux, in a given 
measurement period. Hole sizes of 4 - 5 have commonly been used to delimit extreme events 
for momentum fluxes above forest canopies (e.g. Moritz 1989; McCracken, 1993; Green et 
al., 1995). 
Figure 5.1 shows plots of the stress fraction and time fraction against H, summed across all 
quadrants, at the three measurement heights for DOY 161 and 211. 
161 174 211 
H TnM(%) H T011 (%) H T0 (%) 
2.6 7 7 6 8 12 8 
0.7 7 6 7 5 5 7 
0.26 1 	20 5 16 5 7 3 
Table 5.2 The hole size, H, at which 50 % of the momentum flux is carried, and the 
time fraction, TQH,  accounting for this proportion of the flux. 
Table 5.2 shows the hole size, H, above which 50 % of the momentum flux occurs, and the 
associated time fraction, T, for fluxes above and within the canopy on DOY 161, 174 and 
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Figure 5.1 Total stress fraction and time fraction associated with  
each hole size for 2.6 h, 0.7 hand 0.26 h, on DOY 161 and 211. 	• 0.26 h 
211. Note that Figure 5.1 shows data averaged over 12 half-hour periods. The data in Table 
5.2 were not taken directly from these graphs, but are the averages of the results over the 
individual half-hour periods. It can be seen that, with the exception of DOY 211, the hole 
size at which 50 % of the flux is carried ranged from 5 - 7 at the top and middle 
measurement heights. On the basis of this, a hole size of 6 is used in the following analyses 
to distinguish normal events from extreme events; this is denoted as H' (see Chapter 2). This 
is similar to the value of 5 found by Lee and Black (1993a) and Green et al. (1995). 
When interpreting results normalised with respect to the mean flux, care must be taken 
where the mean flux is small, as individual events may appear relatively large even though 
they are small in absolute terms. This is apparent at the uppermost measurement height on 
DOY 211, where 50 % of the momentum flux occurred at hole sizes of H> 12, and also at 
the lowest measurement level where momentum fluxes tended to be very small. This same 
caution must be applied to the interpretation of the results from the analysis of sensible heat 
and water vapour fluxes. 
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5.2.2 Intermittency of momentum transport 
The results shown in Figure 5.1 and Table 5.2 show that at all measurement heights the 
transport of momentum was governed by large-scale, intermittent events. Instantaneous 
fluxes up to twice the size of the mean flux (H = 2) occupied 50 - 80 % of the time, yet 
accounted for only 2 - 20 % of the total flux. The remainder of the flux was accounted for, 
at hole sizes larger than 3, in a disproportionately small fraction of the time. 
Fifty percent of the momentum flux occurred in about 5 - 8 % of the time at 2.6 h and 0.7 h, 
and less than 5 % of the time at 0.26 h. This indicates that the momentum transport became 
more intermittent lower in the canopy. This is because small-scale, local turbulence 
contributed little to the total momentum flux low down in the canopy, and only large eddies 
penetrated from above. Intermediate-sized eddies, which may be significant in momentum 
transport at 0.7 h, were absorbed, or broken up by canopy elements, so they did not 
contribute to the momentum flux at 0.26 h. 
The results shown in Table 5.2 and Figure 5.1 agree with previous findings that transport of 
momentum within and above plant canopies is dominated by large, intermittent events. 
Bergstrom and HOgstrOm (1989) found that 50 % of the momentum flux occurred in 7 - 11 
% of the time above a pine forest; Baldocchi and Hutchison (1987) found 50 % of the flux 
to be accounted for in < 2 % of the time within an almond orchard. Similar results have 
emerged in wind tunnel experiments, with 50 % of momentum being transported in 10 % of 
the time above an artificial canopy (Raupach et al., 1986). 
5.2.3 Above the canopy 
Figures 5.2 and 5.3 show, for DOY 161 and 211, respectively, the stress fraction and time 
fraction against hole size, for each quadrant. These figures show that the stress fraction is 
much more variable, both with height and between quadrants, than the time fraction. The 
information in Figures 5.2 and 5.3 is simplified in Figure 5.4, where the stress fractions and 
time fractions at 2.6 h are shown as the proportion of normal and extreme events occurring 
in each quadrant. Note that the error bars on Figures 5.4 to 5.11 were calculated as the 
standard error of the total flux contribution (i.e. normal plus extreme) in each quadrant. The 
standard errors for all of the time fractions were less than 2 %, and are not shown. In some 
cases, the standard errors for the stress and flux fractions were also less than 2 % in all 
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Figure 5.2 (a) Stress fraction and (b) Time fraction in each quadrant,  
plotted against hole size, H, at 2.6 h, 0.7 h and 0.26 h on DOY 161. The 	• 0.26 h 
dotted lines represent H'. 
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Figure 5.4 Stress fraction and time fraction in each quadrant at 2.6 h on (a) DOY 161 
and (b) DOY 211. Shaded areas represent contributions by extreme events. 
It can be seen from Figures 5.2 and 5.4 that on DOY 161 the largest contribution to the 
momentum flux above the canopy came from Q2 (ejections), followed by Q4 (gusts). 
Extreme events accounted for about 50 - 60 % of the total flux, and occurred predominantly 
in Q2 and Q4. Events larger than H = 15 occurred solely in Q2 . The contribution from Qi 
and Q3 (outward and inward interactions) was small. Table 5.3 shows the fraction of 
momentum flux transported by extreme events, and the corresponding time fraction, for 
DOY 161, 174 and 211 at the three measurement heights. Also shown are the ratio of flux 
carried by gusts to that by ejections, the ratio of time spent in Q2 to that in Q4, and 
exuberance, defined by Shaw et al. (1983) as (S 10 + S30)/(S20 + S40). Exuberance describes 
the relative importance of positive and negative flux contributions, and is negative by 
definition. Values close to zero occur if the interaction quadrants are insignificant with 
respect to contributions from Q2 and Q4; values approaching -1.0 reflect a fairly even 
balance between upwards and downwards flux contributions; values with a magnitude larger 
than unity occur when the interaction quadrants dominate, resulting in an upwards 
momentum flux. 
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Extreme events Gusts/Ejections Exuberance 
SnH (%) TOH. (%) S4 n/S,n T4 n/T, 0 (S 1 	+S)I DOY 	z/h 
(S_( +S4 ) 
161 	2.6 65 12 0.78 1.1 -0.45 
0.7 50 5 1.83 0.7 -0.22 
0.26 81 18 1.14 0.8 -0.93 
174 	2.6 46 7 0.86 1.1 -0.32 
0.7 52 5 1.83 0.6 -0.32 
0.26 79 17 1.01 0.98 -0.75 
211 	2.6 81 28 0.91 1.1 -0.64 
0.7 56 12 1.60 0.7 -0.51 
0.26 62 5 2.04 0.7 -0.24 
Table 5.3 The proportion of momentum flux accounted for by extreme events in all 
quadrants (SQH)  and the corresponding time fraction (TQH.);  the ratio of flux carried 
by gusts to that by ejections (S401S20) and the ratio of time spent in these quadrants 
(T401T20); and the exuberance of the momentum transport. 
The values of exuberance on DOY 161 and 174 were -0.45 and -0.32, respectively, 
reflecting the dominance of Q2 and Q4 in the momentum transport. The contribution from 
ejections was greater than that from gusts, with S 4ç/S20 = 0.78 and 0.86. These compare with 
a value of 0.86 obtained by Lee and Black (1993a) over a Douglas fir stand, and agrees with 
the findings of Maitani and Ohtaki (1987) and Gao et al. (1989) that ejections are the 
dominant mode of momentum transport some distance above a vegetation canopy. 
Measurements obtained at a height of 1.2 h have found S401S20 > 1.0 (Bergstrom and 
Hogstrom, 1989; Moritz, 1989; McCracken, 1993). Chen (1990a), drawing on Raupach's 
(1980) work in a wind tunnel experiment, suggested that equality between S 40 and S20 
occurs at the top of the roughness sublayer; ejections and gusts dominate above and below 
this level, respectively. If this is the case, the results presented here are typical of conditions 
above the roughness sublayer. 
On DOY 211 the mean wind speed at 2.6 h was light, resulting in a low momentum flux 
which comprised relatively large stress fractions from all quadrants. Figure 5.3 shows that 
there were contributions from all quadrants at H = 25. S4n/S20 = 0.91  illustrating that 
ejections were slightly more important than gusts for transporting momentum, but the 
exuberance was larger than on DOY 161 and 174 ((S 0  + S30)1(S20 + S4 ) = -0.64 on DOY 
211), showing the reduced importance of contributions from quadrants 2 and 4 to the total 
momentum flux. The fractional contributions were larger than 1.0 from all quadrants 
because the mean flux was small. Extreme events accounted for 80 % of the total flux, and 
occurred across all quadrants. A similar situation has been seen above a wheat canopy 
(Finnigan, 1979), but is more often observed within plant canopies where momentum fluxes 
are low and lack significant structure (Baldocchi and Hutchison, 1987; Gardiner, 1994). 
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5.2.4 Within the canopy 
At 0.7 h, the distribution of the stress fraction between quadrants was similar on both days 
(Figure 5.5), with gusts clearly dominating the momentum transport (S 4 /S20 = 1.6 to 1.8). 
Exuberance values were -0.2 and -0.3 on DOY 161 and 174, and were slightly larger, at 
-0.51, on DOY 211. These values were lower than at 2.6 h, indicating that the interaction 
quadrants lost importance as gusts gained dominance over the transport of momentum 
within the forest canopy. The stress fractions for DOY 211 were large (> 1 in Q4) because 
the total flux was smaller at this level than for DOY 161 and 174, but the flux distribution 
between quadrants showed the same structure as the days with a larger mean flux. Extreme 
events carried 50 - 55 % of the total momentum flux in 5 - 12 % of the time. 
On DOY 211, despite the light winds above the canopy, the mean wind speed at 0.7 h was 
actually higher than on DOY 161 and 174 (Table 5.1), and this resulted in more gusts 
penetrating through to the lowest measurement height. Consequently, the structure of the 
momentum flux at 0.26 h on DOY 211 was similar to that at 0.7 h, with S4ç/S20 = 2.04 and 
(S10 + S30)/(S20 + S40) = -0.24 (Figure 5.6). Extreme events accounted for only 55 % of the 
flux, and occurred predominantly in Q4. In contrast, on DOY 161 and 174 the lighter winds 
at 0.7 h resulted in momentum being effectively absorbed between 0.7 h and 0.26 h, in the 
region of the zero plane displacement. The momentum flux at 0.26 h was low on these days, 
and was comprised of fairly even, large contributions from all quadrants. Gusts only slightly 
exceeded ejections in momentum transport, and the large exuberance values (-0.75 and - 
0.93) show that the interaction quadrants were almost as significant. This is a result of wake 
turbulence in the lee of plant elements. The low mean fluxes resulted in stress fractions 
larger than 1.0. Extreme events accounted for about 80 % of the flux, and occurred across 
all quadrants. 
This picture of within-canopy turbulence is broadly in agreement with the results of 
previous work. Above about 0.5 h, the ratio of momentum transported by gusts and ejections 
has generally been found to be larger than 1.0, e.g. McCracken (1993) found S401S20 = 1.3 to 
1.5 at 0.7 h in a Sitka spruce plantation; Lee and Black (1993a) found S 40/S20 = 2.2 at 0.7 h 
in a Douglas fir stand; Baldocchi and Hutchison (1987) found S 401S20 = 1.37 at 0.51 h in an 
almond orchard. Similarly, exuberance values tend to be less than 1.0 in the upper portion of 
forest canopies. With increasing depth, however, momentum fluxes decrease and the 
structure of the flux becomes less well defined. Lee and Black (1993a), McCracken (1993) 
and Baldocchi and Hutchison (1987) found values of S4 /S20, below 0.4 h, both higher and 
lower than 1.0. As found here, Baldocchi and Hutchison (1987) found the mid-canopy 
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Figure 5.5 Stress fraction and time fraction in each quadrant at 0.7 h on (a) DOY 161 
and (b) DOY 211. Shaded areas represent contributions from extreme events. 









































Figure 5.6 As for Figure 5.5, but for measurements made at 0.26 h. 
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this level the momentum flux had less structure. Finnigan (1979b) and Baldocchi and 
Meyers (1988a) also found that the small momentum flux within a canopy consisted of large 
offsetting contributions from the four quadrants. Wake turbulence in the lee of plant 
elements has been suggested as the cause for the increased significance of the interaction 
quadrants within plant canopies (Baldocchi and Meyers, 1988a). Lee and Black (1993a), 
Baldocchi and Meyers (1988a) and Baldocchi and Hutchison (1987) have all found positive 
momentum fluxes, dominated by the interaction quadrants, within plant canopies in the 
region of the secondary wind speed maxima. 
The data presented in this study show that the contribution from gusts to the momentum flux 
at both measurement heights within the canopy was larger than that from any other 
quadrant, even when the fluxes were low, and also that the interaction quadrants remained 
less significant to momentum transport than gusts and ejections. This suggests that in this 
very open canopy, with its low level of momentum absorption, large-scale intermittent gusts 
of air had sufficient energy low down in the canopy to penetrate through to the lowest 
measurement height. This is supported by the discussion of skewness and kurtosis of 
velocity statistics presented in Chapter 4. Furthermore, the absence of a secondary wind 
speed maximum low down in the canopy results in a less complex pattern of momentum 
transfer than is evident in some of the other work discussed. 
5.3 Heat and Water Vapour Transport 
The quadrant analysis was extended to include the scalar quantities of heat and water 
vapour, again using a hole size of 6 to distinguish normal and extreme events. Scalar fluxes 
were allocated into momentum quadrants on the basis of the instantaneous u and w 
fluctuations, but were binned only according to whether the fluxes were normal or extreme 
with respect to the mean scalar flux. In the quadrant framework for momentum transport, 
flux contributions from Qi and Q3 represent positive (upwards) fluxes (Chapter 2). 
However, for heat and water vapour, fluxes of either sign can be allocated to any quadrant. 
The net flux in each quadrant is therefore the sum of positive (upwards) and negative 
(downwards) contributions. In the graphs that follow, a negative flux fraction represents a 
net flux of opposite sign to the mean flux. 
5.3.1 Above the canopy 
Figure 5.7 shows the average proportion of heat flux at 2.6 h carried by normal and extreme 
events in each quadrant for DOY 161 and 211. The flux was intermittent, with 20 - 35 % of 
the flux occurring in less than 5 % of the time (Table 5.4). On each day the distribution of 
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Figure 5.7 Flux fraction and time fraction in each quadrant for sensible heat flux at 2.6 h 
on (a) DOY 161 and (b) DOY 211. Shaded areas represent contributions from extreme events. 
fractional flux contribution across the quadrants was similar to the corresponding 
momentum flux distribution (Figure 5.4), with ejections dominating the flux, carrying warm 
air upwards from within the canopy (F401F20 = 0.54 - 0.67, see Table 5.5), and these having 
the most extreme events. The interaction quadrants were not important in contributing to the 
total flux, with (F10 + F30)1(F20 + F40) = 0.02 - 0.49 (Table 5.5). The highest contribution 
from the interaction quadrants occurred on DOY 211, when the light winds resulted in a low 
momentum flux that was evenly distributed across the quadrants. 
Ejections dominated the flux of heat to a larger extent than they did for momentum transfer. 
This was also found by Lee and Black (1993b) above forest canopies. McCracken (1993) 
and Moritz (1989) also found ejections to dominate the heat flux above a forest canopy, 
although gusts were responsible for transporting most of the momentum flux. The difference 
may be related to measurement height. McCracken (1993) and Moritz (1989) may have been 
measuring in the roughness sublayer; if they had made their measurements slightly higher 
up, ejections might also have been found to dominate the momentum transfer (Chen, 1990a). 
Maitani and Ohtaki (1987, 1989) noted that the relative importance of gusts and ejections in 
the transport of momentum and scalars, is, at least in part, a function of atmospheric 
stability. Updraughts become more important with increasing instability, and at a lower 
stability for heat than for momentum. Measurements made above a canopy in slightly 
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DOY 	zJ7z Heat flux Water va pour flux  
Fn t4 . (%) T04 . (%) Fn t4 (%) T 	.(%) 
161 	2.6 29 <4 -- -- 
0.7 36 4 69 12 
0.26 49 5 75 12 
174 	2.6 36 5 -- -- 
0.7 53 7 79 19 
0.26 77 12 88 25 
211 	2.6 22 <3 -- -- 
0.7 20 <3 48 6 
0.26 56 5 75 9 
Table 5.4 The flux fraction carried by extreme events for heat and 
water vapour (FQH.),  and the time fraction spent on these events (TQH.). 
DOY 	zili T40/T, 0 F4 /F70 F41/F, 0 (F1 0+F10)I(F, 0+F40) 
(%) Heat (%) Water (%) Heat 	Water 
161 	2.6 1.1 0.54 -- 0.24 -- 
0.7 0.7 1.28 2.30 0.13 0.10 
0.26 0.8 1.50 2.96 0.79 0.93 
174 	2.6 1.1 0.67 - 0.02 -- 
0.7 0.6 1.40 3.0 0.14 0.06 
0.26 0.98 1.21 12.0 0.87 0.81 
211 	2.6 1.1 0.62 -- 0.49 -- 
0.7 0.7 1.17 1.95 0.23 0.23 
0.26 0.7 2.3 3.57 0.15 0.33 
Table 5.5 Ratio of the proportion of heat and water vapour flux transported by 
gusts and ejections (F4c/F20) and the corresponding ratio for the time fractions 
(T4 /T20), and exuberance (F10+F30)I(F20+F40) for the three measurement heights 
on DOY 161, 174 and 211. 
unstable conditions may therefore show momentum transport to be dominated by gusts, but 
heat transport to be dominated by ejections. 
5.3.2 Within the canopy 
At 0.7 h the fractional distribution between quadrants of heat and water vapour fluxes 
(Figures 5.8 and 5.9) were both similar to that for momentum flux at the same level for all 
days, with gusts dominating the transport as cooler, drier air was carried down into the 
canopy. Extreme events transported 20 - 50 % of the heat flux in 3 - 4 % of the time, and 50 
- 80 % of the water vapour flux in 12 - 20 % of the time, and occurred most frequently in 
Q4. Values of F4 /F20 ranged from 1.2 - 1.4 for heat, and from 2 - 3 for water vapour (Table 
5.5). Again, the interaction quadrants were less important for scalar transport than for 
momentum transport. 
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Figure 5.8 Flux fraction and time fraction in each quadrant for sensible heat flux at 0.7 h 
on (a) DOY 161 and (b) DOY 211. Shaded areas represent contributions from extreme events. 
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Figure 5.9 As for Figure 5.8, but for water vapour flux. 
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At 0.26 h on DOY 161 and 174 the distribution of heat flux was more even between the 
momentum quadrants (Figure 5.10). Gusts were slightly more important than ejections 
(F401F20 = 1.2 - 1.5), but the high values of (F10 + F30)1(F20 + F40) = 0.8 to 0.9 indicate that 
the interaction quadrants were almost as significant. This is the same pattern as was seen for 
the momentum flux at this level on these two days. Extreme events accounted for 50 - 80 % 
of the flux in 5 - 12 % of the time, and occurred in all quadrants. In contrast, the heat flux at 
0.26 h on DOY 211 was similar to that at 0.7 h, being dominated by gusts, and with little 
contribution from the interaction quadrants. Extreme events occurred predominantly in Q4. 
This is the same pattern as was shown for momentum transport on DOY 211 at this height. 
On DOY 161, the fractional distribution of water vapour flux at 0.26 h was similar to that 
described above for heat flux (large contributions from all quadrants), except that the 
contribution from Q2 (ejections) was less important (Figure 5.11a). The sensors at this 
height were amongst the lowest layers of the forest canopy, with little foliage beneath this 
level. If transpiration from the trees provides the main source of water vapour within the 
forest, then ejections moving upwards past the lowest sensor will carry little moisture. DOY 
161 and 174 were both preceded by a number of dry days. On 211, on the other hand, the 
ejection quadrant can be seen to account for a larger fraction of the water vapour flux. Rain 
fell the previous day, and the direct evaporation of this water, or transpiration by the 
understorey vegetation and mosses, resulted in a low-level source of water vapour. Almost 
all of the flux transported in Q  and Q2 (upwards-moving air) was accounted for by extreme 
events, and the latent heat fluxes on 211 within the canopy were substantially higher on 
DOY 211 than on DOY 161 and 174 (Table 5.1). On all three days, extreme events carried 
75 - 88 % of the flux in 9 - 25 % of the time, and occurred across all quadrants. 
The results presented above have shown the transport of scalars to be carried out via similar 
mechanisms to the transport of momentum, both above and within the forest canopy. Other 
work has also demonstrated the similarity between transport mechanisms e.g. Maitani and 
Shaw (1990) for heat; Maitani and Ohtaki (1987, 1989) for heat, water vapour and CO 2; and 
Lee and Black (1993b) for heat and water vapour. In this study, as elsewhere, differences in 
the importance of updraughts and downdraughts have been attributed to differences in the 
source/sink distributions of the entity being studied (Coppin et al., 1986; Moritz, 1989). 
Extreme events accounted for a smaller amount of the total flux of sensible heat (20 - 60 %) 
than of either water vapour (50 - 90 %) or momentum (45 - 80 %) (Tables 5.3 and 5.4). This 
was also found by Lee and Black (1993a,b), who found that both above and within the 
canopy, the hole size above which 50 % of the fluxes occurred was highest for momentum 
and lowest for sensible heat. Whereas the overall mechanisms of transport for the three 
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Figure 5.10 Flux fraction and time fraction in each quadrant for sensible heat flux at 0.26 h 
on (a) DOY 161 and (b) DOY 211. Shaded areas represent contributions from extreme events. 
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Figure 5.11 As for Figure 5.10, but for water vapour flux. 
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quantities studied have been found to be similar, Kaimal and Finnigan (1994) suggested, on 
the basis of spectral analysis of data from the surface layer above smooth surfaces, that 
small eddies are more effective at transporting heat than momentum. They also proposed 
that the transport of other scalars will follow the pattern of heat transport, but this is not the 
case for the data presented here. However, Kaimal and Finnigan's suggestions applied to the 
surface layer, and no raw water vapour flux data were collected in this region for quadrant 
analysis. 
Alternatively, the difference between the two scalars in the proportion of the flux carried by 
extreme events may be related to the magnitude of the mean fluxes within the forest canopy, 
and to the vertical gradients of temperature and scalar concentration. The temperature 
gradient in the black spruce forest canopy was small, with a typical difference of 2 C° 
during the day between the upper and lower measurement heights. Where the gradient is 
low, movement of air past a sensor by an eddy with a large length scale will result in a small 
temperature change. Unfortunately, no profiles of water vapour concentration were available 
for comparison. If the mean flux is large (as the sensible heat fluxes are in relation to the 
latent heat fluxes), instantaneous flux values are less likely to be classed as extreme events. 
5.4 Variability 
The error bars on Figures 5.4 to 5.11 represent the standard error of the total flux 
contribution from each quadrant, and indicate the degree of variability in the flux 
distributions between individual half-hour periods. For momentum transport, it can be seen 
that the variability at 2.6 It was larger on DOY 211 than 161 (Figure 5.4), was small on both 
days at 0.7 h (Figure 5.5), and was largest at 0.26 h on DOY 161 (Figure 5.6). This large 
variability corresponds to periods when the averaged distributions showed the momentum 
flux to be comprised of large contributions from all quadrants (i.e. 2.6 h on DOY 211, and 
0.26 h on DOY 161 and 174). Net fluxes of opposite sign to the mean flux appear quite 
frequently in one or more quadrants, although they seldom contribute more than 10 % to the 
total flux, and never more than 40 %. 
The degree of variability of the scalar flux distributions shows the same pattern as for 
momentum, with low variability at 0.7 h, when the fluxes were dominated by Q4 on all days, 
and high variability at 0.26 h on DOY 161, when the fluxes comprised substantial 
contributions from all quadrants. The high degree of variability between half-hour periods at 
the lowest measurement height that is apparent for momentum, heat and water vapour 
distributions suggests that 30 minutes is an insufficiently long averaging time. Within the 
canopy, where the winds are very light and variable, the flux footprint is constantly 
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changing, both in source area and direction from the measurement point. This is 
compounded by the large-scale turbulence that has been shown to penetrate from above the 
canopy. However, the average quadrant distributions shown in Figures 5.4 to 5.11 present a 
picture of turbulent transfer of momentum and scalars that agrees broadly with that from 
other studies. 
5.5 Conclusions 
The transport of both momentum and scalars above and within the canopy is highly 
intermittent, with large proportions of the fluxes (50 - 80 % for momentum and water 
vapour, 30 - 60 % for heat) occurring in a disproportionately small amount of the time (5 - 
20 % for momentum and water vapour, and less than 5 % for heat). This is in accord with 
the findings of Chapter 4, which showed that the turbulence structure is dominated by large-
scale eddies penetrating from above the canopy. Because of this intermittent nature of 
momentum and scalar transport, high-frequency loss of the measurement system, which 
could be a limiting factor in a highly turbulent environment, should not be a problem, 
because the small-scale local turbulence contributes little to the total fluxes. This is 
investigated further in the spectral analysis presented in the following chapter. 
The averaged quadrant distributions show the transport mechanisms to be similar for 
momentum, heat and water vapour both above and within the black spruce forest canopy. 
Differences in the quadrant distributions for the three species can be related to differences in 
source/sink distributions. Gusts dominated the transport of momentum and scalars 
throughout the canopy, but the interaction quadrants became increasingly important with 
depth, as interaction with the plant elements created wake effects. However, in the absence 
of a secondary wind speed maximum beneath the canopy, the interaction quadrants did not 
dominate the momentum transport, resulting in a more vertically homogeneous pattern of 
momentum transport throughout the whole canopy than has been described elsewhere. 
There was a clear difference between calm and windy conditions for the quadrant 
distributions of momentum and scalar transport, with windy conditions resulting in a 
dominance of the gust and ejection quadrants, and calm conditions showing the transport to 
be evenly distributed across all quadrants. 
In the lower portion of the canopy, where wind speeds and momentum fluxes are low, 
measurements obtained over a half-hour period are not representative of mean conditions in 
that environment. To obtain a picture of 'typical' conditions, measurements must be averaged 





Spectral analysis provides a powerful tool for identifying the dominant time scales of 
turbulence and turbulent transport. The expected forms of velocity and temperature power and 
cospectra above smooth surfaces have been established from analysis of data collected in the 
Kansas experiments, which were designed to study the nature of turbulent transport in the 
surface layer (Kainial et al., 1972). Much work has been done to determine whether these 
'ideal' spectra also apply over other sorts of terrain. 
Power and cospectra of velocity and scalar fluctuations have been studied over naturally 
smooth (Miyake and McBean, 1970) and rough (Chen, 1990a) land surfaces, and over crops 
(Anderson and Verma, 1985; Leuning and King, 1992) and forests (Smedman-Hogstrom, 
1973; Thompson, 1979; BergstrOm and HogstrOm, 1989). However, much less work has been 
done within plant canopies. Velocity power and cospectra have been measured within crops by 
Shaw et al. (1974), Finnigan (1979a) and Wilson et al. (1982), and within forests by Allen 
(1968), Baldocchi and Meyers (1988b), Baldocchi and Hutchison (1988), Amiro and Davis 
(1988) and Gardiner (1994). There are fewer studies that include scalar spectra within plant 
canopies (Amiro, 1990b; McCracken, 1993). 
Within plant canopies, deviation of spectra from the typical surface layer forms gives insight 
into the mechanisms influencing air flow and transfer of kinetic energy in an environment that 
is complicated by the presence of plant elements. Turbulence is generated on two scales. In the 
region of wind shear at the canopy top, where there is a sharp decrease in streamwise wind 
speed in the vertical, eddies in the surface layer are broken up into smaller eddies. This shear-
generated turbulence produces eddies on the order of canopy-scale. Wake-generated 
turbulence is caused by the interaction of the air with the canopy elements, and produces 
eddies on a much smaller scale, which are quickly dissipated (Raupach and Shaw, 1982). The 
position of the spectral peak allows the scale of the dominant air movements to be estimated. 
However, the peak frequency for velocity fluctuations within canopies has been found not to 
scale with height and wind speed (as it does in the surface layer) (Shaw et al., 1974; Wilson et 
al., 1982; Raupach et al., 1986). Work within canopies has focused on interpreting the shape 
of the velocity spectra to reveal information about the processes involved in airflow in the 
complex canopy environment, and on identifying a suitable non-dimensional frequency that 
scales the position of the spectral peaks at different heights within the canopy. 
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The spectral analysis presented below uses data from DOY 174 and 211, which were also 
studied in the quadrant analyses in Chapter 5. The figures represent spectra averaged over 8 
consecutive half-hour daytime measurement periods. The following aspects of air flow and 
turbulent transport are studied: 
Power spectra of streamwise and vertical velocity are presented for above- and within-
canopy flow, and the peak frequencies are used to determine the length scales of the dominant 
turbulent motions. 
The shape of the velocity power spectra are analysed above and within the canopy. 
Differences between the measured spectra and the expected surface-layer forms are used to 
interpret the processes of turbulent flow within the canopy environment. 
Power spectra of temperature and water vapour fluctuations above and within the canopy 
are analysed, relating the position of the spectral peaks and the shape of the high frequency 
portion of the spectra to the dominant influences on scalar fluctuations in the canopy 
environment. 
Cospectra of momentum, sensible heat and water vapour fluxes are presented above and 
within the canopy. The position of the spectral peaks and the shape of the spectra are used to 
interpret the mechanisms of turbulent transport within the canopy. 
The energy balance beneath the canopy is studied to assess the accuracy of scalar fluxes 
measured by eddy covariance in a highly turbulent environment. 
Frequency corrections 
None of the spectra presented in this chapter have been corrected for frequency losses of the 
measurement system, as described in Chapter 2. The sonic anemometers have sufficiently fast 
response to make frequency losses negligible for measurements of momentum and sensible 
heat flux above the canopy. Frequency corrections cannot be applied within the canopy, as 
there is no universal, model curve representing the 'ideal' shape of within-canopy spectra on 
which to base the corrections. The fast response of the anemometers and the open-path IRGAs 
should ensure that frequency loss is minimal in the measurement of power spectra, and 
momentum and sensible heat cospectra. The most significant loss is likely to occur in the 
measurement of the water vapour fluxes, as a consequence of the separation of the 
instruments. However, this will have a significant effect only if the flux is dominated by small-
scale eddies. The results from Chapter 5 indicate that this is not the case, with the flux of 
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momentum and scalars being governed by large-scale, intermittent air movements. Frequency 
corrections are discussed further in Section 6.4.3. 
6.2 Velocity Power Spectra 
62.1 Spectral peaks and length scales 
The normalised spectral densities of vertical and streamwise velocity fluctuations are 
presented in Figures 6.1 and 6.2, for DOY 174 and 211 respectively, at 2.6 h, 0.7 h and 0.26 
h, plotted against non-dimensional frequency, f = nh/U(h) (this choice of non-dimensional 
frequency is discussed below). The peak natural (n1,) and normalised (t) frequencies for the 
velocity spectra are presented in Table 6.1. It can be seen that the peak frequencies for both 
vertical and streamwise velocity do not change with height within the canopy. This has been 
found in a number of other studies of canopy turbulence, e.g. Amiro (1990b) in spruce, pine 
and aspen forests; Crowther and Hutchings (1985), Gardiner (1994) and Irvine (1994) in 
Sitka spruce plantations. 
To preserve the constancy of n, with height, if a non-dimensional frequency (/) is used it must 
be based on a factor that is itself invariant with height. Aniiro (1990b) and Baldocchi and 
Meyers (1988b) used the integral time scale of turbulence to construct a non-dimensional 
frequency. However, the integral time scale of a velocity component is not independent of the 
associated spectral distribution, and it does not relate the turbulence to the physical 
characteristics of the canopy. 
Velocity 174 211 
flp (Hz) fp n,, (Hz) _____ Vertical 
2.6 h 0.06-0.11 0.23-0.43 0.02 -0.10 0.09-- 0.83 
0.7h 0.10-0.11 0.40-0.43 0.03-0.08 0.26-0.67 
0.26 h 0.08-0.105 0.32-0.42 0.03-0.07 0.26-0.59 
Streamwise flp (Hz) fp Pip (Hz) 
2.6h <0.01 >0.04 <0.01 >0.08 
0.7 Ii 0.04 - 0.10 0.15 - 0.40 0.009 - 0.04 0.08 - 0.33 
0.26 h 0.04-0.08 0.15-0.32 0.01-0.04 0.08-0.33 
Table 6.1 Peak natural (no) and non-dimensional (f,) frequencies for 
vertical and streamwise velocity fluctuations on DOY 174 and 211. 
In two recent reviews of canopy turbulence, Kaimal and Finnigan (1994) and Finnigan and 
Brunet (1995) acknowledged the importance of canopy-scale eddies in determining the 
characteristics of air flow within a canopy, and defined a non-dimensional frequency as 
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Figure 6.1 Power spectra of(a)w and (b) u at 2.6 h, 0.7 h and 0.26 hon DOY 174, 
plotted against normalised frequency f(f= n WU(h)). The -2/3 line is shown. 
speed at the canopy top, it was assumed to be 45 % of the value at 2.6 h, based on the data in 
Figure 4.1. 
Finnigan and Brunet (1995) stated that using nh/U(h) as a non-dimensional frequency for 
velocity spectra within plant canopies results in a universal scaling of the velocity spectra to 
peak frequencies, f, of 0.15 ± 0.05 for streamwise fluctuations, and 0.45 ± 0.05 for vertical 
fluctuations. These values lie within the peak frequency ranges presented above for all except 
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Figure 6.2 Power spectra of(a)w and (b) uat2.6h,0.6h and 0.26honDOY2ll, 
plotted against normalised frequency f(f= n WU(h)). The -2/3 line is shown. 
the vertical velocity spectra on DOY 174, which are just below the suggested universal 
frequency. This good collapse of data reinforces the utility of a non-dimensional frequency 
based on canopy-scale properties. 
It is common practice to calculate vertical and horizontal length scales of the dominant eddies 
(A,v and ' respectively) as U(z)In (e.g. Wilson et al., 1982; Baldocchi and Hutchison, 1988; 


















other results. However, for measurements within a canopy it is flawed in two respects. Firstly, 
it assumes that Taylor's hypothesis holds within the canopy, whereas, for the high turbulence 
intensities found within canopies, this is unlikely to be the case (Baldocchi and Meyers, 
1988b; Amiro, 1990b). Secondly, and related to the previous point, it assumes that the 
dominant eddies within the canopy (represented by the spectral peaks) are being advected past 
the sensor at the local wind speed. Given the evidence that turbulence within a plant canopy is 
driven by penetrating gusts from above the canopy (as discussed in this thesis, Chapters 4 and 
5), it seems more likely that the advection velocity for eddies in a canopy is similar to that 
above the canopy (Kainial and Finnigan, 1994). In this situation Taylor's hypothesis can be 
applied, calculating characteristic dominant length scales of canopy turbulence as U(h)/n. 
Note that the above discussion also applies to the calculation of integral length scales. 
Finnigan and Brunet (1995) pointed out that the profiles of integral length scales presented by 
themselves, Kaimal and Finnigan (1994) and Raupach (1988) would show little variation with 
height if they had been calculated using U(h) instead of U(z). 
Figures 6.1 and 6.2 show that the spectral peaks within the canopy, especially at 0.26 h, are 
narrower and sharper than above the canopy. This indicates that the range of eddy scales 
operating becomes smaller with depth into the canopy. The peaks at 0.26 h are coincident with 
the lower-frequency portion of the peak at 0.7 h, which implies that only the bigger, lower-
frequency eddies can penetrate down to the lower half of the canopy, and the higher-frequency 
portion of the peak is missing. 
Table 6.2 presents the vertical and horizontal length scales above and within the canopy, 
calculated using the two methods described above (i.e. U(z)/n and U(h)/n), for DOY 174 and 
211. For comparison, the mean integral length scales, from Chapter 4, are also shown. The 
vertical and streamwise length scales calculated using local wind speeds within the canopy are 
consistently larger than the integral length scales. This is because the integral length scales 
take air movement at all scales into account, whereas the length scales derived from the 
spectral peaks reflect the magnitude of the dominant energy-containing eddies. Length scales 
from spectral peaks are generally 6 - 10 times larger than integral length scales (Baldocchi and 
Meyers, 1988b; Kaimal and Finnigan, 1994); the data presented here broadly agree with this. 
The length scales calculated using local wind speed decrease to a few metres towards the 
forest floor, as has been seen in other studies (Baldocchi and Hutchison, 1988; McCracken, 
1993). The length scales based on U(h), on the other hand, are constant within the canopy, 
with dimensions ranging from 1 - 3 h for 2,  and from 2 - 9 h for 2. The vertical length scales 
do not increase substantially above the canopy (2 = 2 to 10 h at 2.6 h). This is in contrast to 
the streamwise length scales, which show a dramatic increase in the surface layer where the 
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174 211 _______ 
Vertical 2(m) i%(m) A.(m) ,%(m) Integral 
velocity U(z)In U(h)In,  U(z)/n r  U(h)/nr  L (m) 
2.6h 50-95 24-120 12 
0.7h 10-12 23-26 8-20 10-26 2 
0.26h 3-4 24-32 1-3 11-26 
Streainwise A. (m) (m) A. (m) ' 	(m) Integral 
velocity U(z)/n U(h)Jnr  U(z)/n, U(h)Jnr  L (m) 
2.6h >500 >500 25-30 
0.7h 12-30 25-60 15-60 20-90 4 
0.26h 	- 4-8 30-60 2-9 20-75 _ 
Table 6.2 Vertical (2w) and streamwise (2)  length scales, estimated using local 
wind speed at each height (U(z)), and also at 0.7 h and 0.26 h using wind speed 
at canopy height (U(h)). Mean integral length scales are shown for comparison. 
eddies can extend freely over a large area (2  at 2.6 h > 40 h). This was also noted by 
Gardiner (1994) above a Sitka spruce plantation in which, between h and 2 h, 2  increased 
from 1.7 h to only 1.9 h, whereas A. increased from 8 h to 16 h. Kaimal and Finnigan (1994) 
relate this difference in behaviour of the vertical and streamwise velocity components to the 
different mechanisms influencing the fluctuations. Above the region of shear in the roughness 
sublayer, eddies can extend over large distances in the horizontal, whereas their vertical 
dimensions are limited by the depth of the boundary layer, and the presence of the ground 
surface. 
The results presented above differ from those of Amiro (1 990b) and Irvine (1994) in that these 
authors found the position of the spectral peak for streamwise velocity to be the same above 
the canopy as within it. This difference may be attributable to the heights at which the 
uppermost measurements were made. In this study the above-canopy measurements were 
made at 2.6 h, whereas for the other two studies mentioned, the measurements were made 
much closer to the canopy, at 1.2 - 1.3 h. 
62.2 Shape of spectra 
Table 6.3 shows the slope to the right of the spectral peak, in the region where an inertial 
subrange with a slope of -2/3 is expected for measurements made in the surface layer, for the 
power spectra of u and w presented in Figures 6.1 and 6.2. Where more than one region with a 
constant slope could be identified, the frequency range and slope is given for each. 
It can be seen that above the canopy, the u and w power spectra on both days have an inertial 
subrange with a slope close to -2/3. This is in agreement with measurements made above other 
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Velocity Natural frequency 
DOY z/h component range (Hz) Slope 
174 2.6 w 0.55 - 2.6 -0.66 
0.7 w 0.15 - 1.6 -0.34 
0.26 w 0.15 - 0.3 -0.97 
0.3 - 1 -0.53 
2.6 u 0.2 - 1 -0.6 
0.7 u 0.4 - 1 -0.6 
1-4 -0.98 
0.26 u 0.14 - 3 -0.66 
211 2.6 w 0.15-2.5 -0.66 
0.7 w 0.25 - 2.6 -0.62 
0.26 w 0.05-0.17 -0.67  
0.3 - 3 -0.7 
2.6 u 0.15 - 1.4 -0.72 
0.7 u 0 1 -0.3 -0.71 
0.3 - 3 -0.9 
0.26 u 0.04-0.12 -1.2 
0.15-4 	1 -0.77 
Table 6.3 Spectra slopes at frequencies higher than the spectral peak, for u and 
w power spectra. 
forests, where velocity power spectra have also been found to conform to the typical surface-
layer form (Baldocchi and Meyers, 1988;b Amiro, 1990b; Gardiner, 1994). 
At 0.7 h the u power spectra on both days have a small region with a slope of -2/3 at 
frequencies just above the spectral peak, but beyond this the spectra drop off with a slope of 
about -1. The w power spectrum on DOY 211 has a slope of -2/3, but on DOY 174 the slope 
is much less than this (4/3). These power spectra, with the slopes past the spectral peak being 
steep for u and shallow for w, are similar to those presented by Kaimal and Finnigan (1994) 
as typical of open plant canopies. They are in contrast to results from denser canopies, where 
the slopes of both u and w are steeper than -2/3 at frequencies higher than the spectral peak 
(Baldocehi and Hutchison, 1988; McCracken, 1993). Kaimal and Finnigan (1994) suggest 
that in open plant canopies, form drag extracts energy preferentially from u, and wake 
circulations produce w and v energy. In more dense canopies, it seems that energy is extracted 
from both u and w fluctuations. 
At 0.26 h, the velocity spectra show a form described by Amiro (1990b) as having a 'dip' and 
'shoulder'. The high-frequency side of the peak drops off sharply, with slopes of -1.0 to -1.4, 
indicating a more rapid loss of energy than is expected in the inertial subrange. At higher 
frequencies (f = 5 to 10), slopes close to -2/3 are reached. The w spectra have a flattened 
region, or plateau, between the steeper slope of the peak and the -2/3 slope at higher 
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frequencies. The slope in the region past the spectral peak is steeper than at 0.7 h, because the 
canopy is more dense at this height, so the large eddies that penetrate from above the canopy 
are more effectively broken up into smaller-scale motions, by form drag on the canopy 
elements. This 'short-circuiting' of the normal energy cascade in the inertial subrange is a 
common feature of velocity power spectra within plant canopies (e.g. Baldocchi and 
Hutchison, 1988; Amiro and Davis, 1988). The plateaux that are seen in the w spectra may be 
caused by wake-generated turbulence, producing small-scale, high-frequency eddies. 
Figures 6.1 and 6.2 show that the dip and shoulder structure of the velocity power spectra at 
0.26 his more pronounced onDOY 174 than DOY 211. Ainiro and Davis (1988) found that 
the secondary peak present in the w spectra in the dead branch space was more pronounced in 
calm conditions than in strong winds. They suggested that wake-production at high 
frequencies might be masked by the increased penetration of larger eddies through to the lower 
layers of the canopy. This may also be the case for the data presented here. Although the mean 
wind speed above the canopy was higher on DOY 174 than DOY 211 (which would lead to 
results in contradiction to those of Amiro and Davis), at 0.7 h the situation was reversed (see 
Chapter 5, Table 5.1). The quadrant analysis in Chapter 5 showed that the momentum 
transport at 0.26 h on DOY 211 was dominated by gusts to a greater extent than on DOY 174 
(refer to Chapter 5, Table 5.3; graphs for DOY 174 were not presented, but were similar to 
those for DOY 161). These fast, downward-moving gusts, which dominated the momentum 
transport at 0.26 h on DOY 211, may result in higher spectral densities at lower frequencies, 
therefore making the dip and plateaux in the spectra less pronounced. 
The features of the velocity power spectra described above have been identified in a number of 
other studies. Deviation of the slope in the inertial subrange from the expected value was 
noted by Bill et al. (1976) within a maize canopy, and a hump in the velocity spectra at high 
frequencies was described by Seginer et at. (1976), working in an artificial canopy in a wind 
tunnel. Both of these early studies attributed these features to the effects of wake-generated 
turbulence within the canopies. Similar features have been found in more recent studies. 
Spectral slopes steeper than -2/3 at frequencies past the peak have been reported by Baldocchi 
and Meyers (1988b) in a deciduous forest, and also Baldocchi and Hutchison (1988) in an 
almond orchard. These studies both reported that the slopes were most steep at the level of the 
densest foliage. Gardiner (1994) found spectral slopes steeper than -1.5 within a very dense 
Sitka spruce plantation. These results are in agreement with those presented above, where the 
slopes of the spectra are steeper in the lower portion of the canopy than in the upper, more 
open portion. In contrast, Amiro (1990b), working in aspen, pine and spruce forests, found the 
steepest slopes to occur in the dead branch space. Velocity power spectra with a dip and 
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shoulder have been identified not only within canopy crowns (Baldocchi and Hutchison, 1988; 
Amiro and Davis, 1988), but also in the sub-canopy trunkspace (Baldocchi and Meyers, 
1988). Amiro (1990b) and McCracken (1993) both found the shoulder in the w spectrum to 
develop into a secondary peak in the trunkspace of dense spruce forest. In contrast, Baldocchi 
and Hutchison (1988) found the form of the w spectrum, in the trunkspace of an almond 
orchard, to be similar to spectra above the canopy. 
Velocity power spectra within plant canopies diverge from the typical surface-layer forms 
because the concept of an inertial subrange is invalid in an environment where there are 
sources and sinks of momentum. Form drag against plant elements results in a loss of energy 
as large eddies are broken up, resulting in a 'short-circuiting' of the normal energy cascade in 
the inertial subrange. Some of this lost energy is fed back in at higher frequencies in the form 
of smaller eddies, or wake circulations in the lee of obstacles. In general, however, these 
motions occur on a sufficiently small scale to be quickly dissipated by form drag, such that the 
velocity power spectra are dominated by energy in the frequency range of shear-generated, 
rather that wake-generated turbulence (Raupach and Shaw, 1982; Irvine, 1994). 
As discussed above (Section 6.2.1), the position of the spectral peak, representing the 
dominant time and length scales of shear-generated turbulence, seems to conform to a 
universal scaling based on canopy-scale properties. This is not the case for smaller-scale 
turbulence generated by wake production within plant canopies. The features of velocity 
power spectra show substantial variation between clitterent canopies, aepenaing on 
characteristics of the individual canopies such as size, spacing and orientation of elements 
(Amiro and Davis, 1988), the resonant frequency of the vegetation (Finnigan, 1979a; 
Gardiner, 1994), and the degree of coupling of air flow within the canopy to that above it 
(McCracken, 1993). 
62.3 Isotropy 
Turbulence is described as isotropic if the velocity field is independent of rotation about the 
spatial axes (Panofsky and Dutton, 1984; Kaimal and Finnigan, 1994). In the surface-layer, 
for eddies in the energy-containing subrange, this is not the case, because vertical and 
horizontal characteristics of eddies are not influenced to the same extent by the presence of the 
underlying ground surface. However, in the inertial subrange, where the size of eddies in very 
small compared to the distance from the ground, a condition known as local isotropy is 
attained (Panofsky and Dutton, 1984). A test for local isotropy in the inertial subrange is that 
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Figure 6.3 Ratio of the spectral densities of w to u, on (a) DOY 174 and (b) DOY 211, 
at 2.6 h, 0.7 h and 0.26 h, plotted against normalised frequencyf(f= nh/U(h)). The dotted 
line represents S,(n)/S(n) = 4/3. 
Figure 6.3 presents the ratios of S(n)/S(n) against non-dimensional frequency (f), for 
measurements at 2.6 h, 0.7 h and 0.26 h, on DOY 174 and 211. Each graph is the average of 
eight half-hour periods. Data are presented across the whole frequency range for which data 
are available, because of the difficulty of defining a suitable frequency range in the absence of 
an inertial subrange within the canopy. 
Above the canopy, at 2.6 h, a ratio of 4/3 is approached on DOY 211; on DOY 174 the values 
of S(n)/S(n) are slightly less than this. This result is similar to that shown in the data of 
McCracken (1993), with the ratio of S(n)/S(n) being lower on a day with higher wind 
speed above a Sitka spruce plantation. The size of the eddies associated with the highest 
values of S(n)IS(n) were calculated (as U(z)/n) to be about 3 - 9 m on DOY 174, and 0.3 
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- 0.9 m on DOY 211. The larger eddies occurring in this region on DOY 174 are more likely 
to be restricted in the vertical by the underlying ground surface, which may account for the 
lower ratios of S(n)/S(n) on this day. Shaw et al. (1974) found values close to 4/3 above a 
corn crop and a pine forest. Amiro (1990b), on the other hand, found S(n)/S(n) to be 
about 1.0 above spruce, pine and aspen forest canopies. 
Within the canopy, turbulence is anisotropic because the concept of an inertial subrange is 
violated by the presence of sources and sinks of momentum. On DOY 211, when irregularities 
in the velocity power spectra are less pronounced than on DOY 174, the ratios of 
S(n)/S(n) reach values of 1.1 to 1.2. On DOY 174, values of S(n)/S(n)  do reach 4/3 
at high frequencies, in the region where spectral densities of u are decreasing rapidly and w 
slowly, but at frequencies closer to the spectral peaks, ratios are in the range 0.6 to 0.8. At 
0.26 h on DOY 174, the ratio of S(n)/S(n)  reaches values just over 1.0. These values are 
generally in the range found within other plant canopies: 0.8 - 1.3 within a deciduous forest 
(Baldocchi and Meyers, 1988); 0.6 - 1.0 in the three canopies studied by Amiro (1990); about 
0.9 in corn (Shaw et al., 1974); and 1 in an artificial canopy in a wind tunnel (Seginer et al., 
1976). Aside from the data of Baldocchi and Meyers (1988b), which show an increase in the 
value of S(n)/S(n) with height in the canopy, no pattern is discernible in the data sets 
discussed. Following the discussion in Section 6.2.2, regarding the complex range of 
interactions which influence the shape of the velocity power spectra within plant canopies, this 
is not unexpected. 
6.3 Scalar Power Spectra 
Although there have been a number of studies published describing power spectra of scalar 
quantities such as temperature, water vapour and carbon dioxide above plant canopies (e.g. 
Thompson, 1979 over pine forest; Verma et al., 1979, and Anderson and Verma, 1985, over 
corn; Anderson et al., 1986 over deciduous forest) there has been little work on the form of 
these spectra within canopies (Coppin et al., 1986; Amiro, 1990b; McCracken, 1993)1 
Figures 6.4 and 6.5 show power spectra of temperature and water vapour at 2.6 h, 0.7 h and 
0.26 h, for DOY 174 and 211, respectively. The position of the spectral peaks for both 
quantities show similar characteristics. They occur at low frequencies (f = 0.02 - 0.12) on 
DOY 174; the peaks lie below the low frequency end of the graph on DOY 211, and are 
invariant with height. The position of the spectral peak for temperature on DOY 174 lies 
between the peak frequencies for u and w at 2.6 h. This may also be the case on DOY 211, 
but the exact location of the peak cannot be confirmed. Although no measurements of water 
vapour were made at 2.6 h on the days studied here, the power spectra of water vapour 
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Figure 6.4 Power spectra of (a) temperature and (b) water vapour on DOY 174, 
plotted against normalised frequencyf(f n WU(h)). The -2/3 line is shown. 
presented in Appendix A.2 (for the comparison between the two IRGAs) have spectral peaks 
occurring at the same non-dimensional frequency as the within-canopy spectra shown in 
Figures 6.4 and 6.5. In general, the peaks of the scalar spectra appear to be broader than the 
vertical velocity spectral peaks at all levels, and are broader than the streamwise velocity 
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Figure 6.5 Power spectra of (a) temperature and (b) water vapour on DOY 211, 
plotted against normalised frequency f(f = n WU(h)). The -2/3 line is shown. 
The temperature spectra at all heights and the water vapour spectra at 0.7 h have an inertial 
subrange with the expected slope of -2/3, with the exception of the spectrum from the lowest 
measurement height on DOY 174, which drops off more rapidly abovef= 0.45. At 0.26 h, the 
low spectral densities measured in the water vapour power spectra at frequencies above 0.1 
Hz are the result of a problem inherent in the analyser deployed at that level (see Appendix 
A.2). Consequently, no inferences about the nature of water vapour fluctuations can be made 
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in this frequency range. The spectral peak remains unaffected by this fault, and the cospectra 
measured above the canopy were also found to be unaffected. 
The temperature spectra measured above the canopy are in agreement with results from other 
studies, which have reported the peak in the power spectra of temperature fluctuations to be 
the same as, or slightly higher than, the peak frequency for streamwise velocity fluctuations 
(Kaimal et al., 1972; Anderson et al., 1986; Coppin et al., 1986; McCracken, 1993). 
Anderson et al. (1986) suggested that the shape of the temperature spectra above plant 
canopies was influenced by both vertical and streamwise velocity fluctuations, thereby 
explaining the relative positions of the spectral peaks. Amiro (1990b) found the spectral peak 
for temperature to occur at the same frequency within three forest canopies as above, with a 
substantial -2/3 region at all heights. He also attributed this to the influences of both vertical 
and streamwise velocity fluctuations, proposing that 'dips' in the spectrum of w would be 
compensated for by 'humps' in the spectrum of u, resulting in a temperature spectrum with a 
constant slope. 
While the joint effects of vertical and streamwise velocity fluctuations could be used to 
explain the form of the scalar spectra above the black spruce forest, it seems a less likely 
explanation for the spectra within the canopy, which have a spectral peak at lower frequencies 
than either of the velocity components studied. McCracken (1993) also found that the 
temperature spectra within a dense Sitka spruce forest peaked at a lower natural frequency 
than the velocity spectra. However, in contrast to the results presented here, and those of 
Amiro (1990b), McCracken found the power spectra of temperature, CO 2 and water vapour 
in the trunkspace not to have a -2/3 slope past the spectral peak, but to have a dip and a slight 
secondary peak, similar to the velocity spectra (although less pronounced). 
Where simultaneous measurements were made of water vapour, temperature and CO 2 within a 
Sitka spruce canopy, McCracken (1993) found the form of the power spectra for all three 
scalars to be very similar. This is also shown by these results, with the power spectra of 
temperature and water vapour having the same peak frequency and -2/3 slope. 
Too few studies have been made of scalar spectra within plant canopies to be able to draw 
firm conclusions about the processes influencing the form of the spectra in this environment. 
The similarity of the temperature and water vapour power spectra presented above at all of the 
measurement heights, and the position of the spectral peaks compared to those for velocity 
spectra, suggests that large scale fluctuations in the surface layer play a greater role than 
vertical and streamwise velocity fluctuations in governing scalar fluctuations within the plant 
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canopy. (This hypothesis is supported by results presented in Chapter 7, which show the 
surface-layer scaling of OTtO  hold within the forest canopy as well as in the surface layer.) 
6.4 Cospectra 
Average cospectra representing the vertical fluxes of momentum (uw covariance) and sensible 
heat (wT covariance) were calculated at 2.6 h, 0.7 h and 0.26 h, and cospectra representing 
water vapour flux (wq covariance) were calculated at the two lower heights only, for DOY 
174 and 211. The cospectra all exhibit more scatter than the power spectra, and are plotted in 
log-log and log-linear form in Figures 6.6 and 6.7 (momentum), 6.8 and 6.9 (heat) and 6.10 
and 6.11 (water vapour). Table 6.4 shows the peak frequency, where relevant, for the 
cospectral curves. 
f1,uw fwT fwq 
z/h 174 	211 174 	211 174 	211 
2.6 0.07-0.13 0.08-0.22 0.08-0.13 <0.15 -- -- 
0.7 0.14-0.44 0.12-0.28 0.12-0.39 0.13-0.39 0.11-0.22 0.3-0.6 
0.26 * 0.15 - 0.33 0.11 - It 0.28-0.46 * 0.3-0.6 
Table 6.4 Peak frequencies of the cospectral curves for momentum, heat and water vapour 
fluxes on DOY 174 and 211. * No clear peak; t Peak broad but not well-defined. 
64.1 Momentum cospectra 
The average uw cospectra measured above the canopy on DOY 174 and 211 (Figure 6.6a and 
6.7a respectively) have a peak frequency, f, of 0.07 - 0.2 (see Table 6.4). This is close to the 
values reported by McCracken (1993) and Irvine (1994) over Sitka spruce plantations, and by 
Amiro (1 990b) over spruce, aspen and pine forests. A -4/3 region is evident in the cospectrum 
at 2.6 h on DOY 174, but not on DOY 211, where the graph shows a lot of scatter at 
frequencies above f= 0.45. This reflects the low covariance (and therefore low momentum 
flux) measured above the canopy on DOY 211. 
Within the canopy, the momentum cospectra peak at a slightly higher frequency (f, = 0.12 to 
0.4) than above the canopy. This peak is seen to be the same at 0.7 h and 0.26 h on DOY 211 
(Figure 6.7 b,c). On DOY 174, on the other hand, the cospectrum at 0.26 h (Figure 6.6c) is 
extremely noisy, with positive and negative contributions in the region where the spectral peak 
lies at 0.7 h (Figure 6.6b). 
Amiro (1990b) found the spectral peaks for momentum cospectra in spruce, pine and aspen 
forests to occur at the same natural frequency within the canopy as above it. The difference 
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Figure 6.6 Cospectra of u and w on DOY 174, plotted against normalised 
frequencyf((= nWU(h)), at (a) 2.6 h, (b) 0.7 h and (c) 0.26 h. The curves are 
plotted in both log-log (circles, left axis) and log -linear (solid line, right axis) form. 
The -4/3 line is shown. Note that negative values cannot be plotted on a log - log graph. 
between his result and the one presented here can be related to differences in the respective u 
and w power spectra, which Amiro (1990b) found to have spectral peaks that were invariant 
with height. In this study, as discussed in Section 6.2.1, the spectral peaks for w, and to a 
greater extent, u, occurred at a higher frequency within the canopy than above it. Kaimal and 
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Figure 6.7 Cospectra of u and w on DOY 211, plotted against normalised 
frequency f(,fr nh/U(h)), at (a) 2.6 h, (b) 0.7 h, and (c) 0.26 h. The curves are 
plotted in both log-log (circles, left axis) and log-linear (solid line, right axis) form. 
The -4/3 line is shown. Note that negative values cannot be plotted on a log-log graph. 
within plant canopies peak at a non-dimensional frequency of about 0.15. The results obtained 
in this study (see Figures 6.6 and 6.7, and Table 6.4) lend further support to this idea. 
At both heights within the canopy on DOY 211, and at 0.7 h on DOY 174, the cospectra 
exhibit a small region with a slope of 4/3, before roiling off more steeply. McCracken (1993) 
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and Irvine (1994), both working in Sitka spruce, also found slopes steeper than -4/3 in the 
region of the inertial subrange of uw cospectra measured within the canopy. In contrast, 
Baldocchi and Hutchison (1988) found the uw cospectra measured in an almond orchard to 
have a typical inertial subrange slope of 4/3. Amiro's (1990b) results showed uw cospectra 
which rolled off less steeply (slope -1) within the canopy than above. The differences 
between these sets of results are not surprising, given that there is great variation between the 
w and u power spectra displayed in the separate canopies, as a result of the structure of the 
vegetation. 
Comparisons can be drawn between the form of the momentum cospectra and the results from 
the quadrant analyses in Chapter 5. The uw cospectra that show most scatter occurred on 
DOY 211 at 2.6 h, and DOY 174 at 0.26 h. On these days the momentum fluxes were low at 
these heights, and were made up of large, opposing contributions from gusts and ejections 
(negative flux contributions) and inward and outward interactions (positive flux 
contributions). This is reflected in the cospectra, which exhibit negative contributions to the 
covariance at frequencies higher than the peak (DOY 211 at 2.6 h), and in the region of the 
peak (DOY 174 at 0.26 h). 
64.2 Scalar cospectra 
Cospectra representing the vertical fluxes of sensible heat and water vapour are shown in 
Figures 6.8 to and 6.11, for DOY 174 and 211. The peak frequencies for the wT cospectra 
above the canopy are 0.08 - 0.15 (Table 6.4). These are close to the peak frequencies of the 
uw cospectra at the same height, and are similar to values obtained by Anderson and Verma 
(1985) over crops and Anderson etal. (1986) over deciduous forest, of fp = 0.1 - 0.15 for 
cospectra representing the vertical fluxes of heat, water vapour and CO 2 . 
Within the canopy, the peak frequencies for the wT and wq cospectra are very similar to those 
for the uw cospectra, i.e. the peaks occur in the same non-dimensional frequency at both 
heights in the canopy, and the peak for wT at 2.6 h is at a lower frequency than those within 
the canopy (Table 6.4). The peak frequencies coincide fairly well for the three sets of 
cospectra. The fact that the peak frequencies of the scalar cospectra scale with the non-
dimensional frequency based on canopy-scale properties supports the conclusions of Chapter 
5, that the transport of scalars within a canopy is dominated by large-scale, intermittent 
events. The peaks of the scalar cospectra coincide with the peaks of the w power spectra 
which, as discussed in Section 6.2.1, are governed by large-scale turbulence above the canopy. 
McCracken (1993) also found wTcospectra to have a spectral peak coincident with that of uw 
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Figure 6.8 Cospectra of w and Ton DOY 174, plotted against normalised 
frequencyf (f = nh/U(h)), at (a) 2.6 h, b) 0.7 h and (c) 0.26 h. The curves are 
plotted both in log-log (circles, left axis) and log-linear (solid line, right axis) form. 
The -4/3 line is shown. 
same as those for cospectra, measured at 0.1 h, representing the vertical fluxes of heat, water 
vapour and CO2 . 
At frequencies higher than the peak, the wT cospectra display a slope of between -4/3 and -1 
at all heights. The slope in the inertial subrange is less for the heat flux than for the 
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Figure 6.9 Cospectra of w and Ton DOY 211, plotted against normalised 
frequencyf(f= nh/U(h)), at (a) 2.6 h, (b) 0.7 Ii and (c) 0.26 h. The curves are 
plotted in both log-log (circles, left axis) and log-linear (solid line, right axis) 
form. The -4/3 line is shown. 
and Finnigan (1994), which show uw cospectra attaining a -4/3 gradient at a lower frequency 
than wT cospectra. As mentioned in Chapter 5, this implies that small eddies are more efficient 
at transporting heat than momentum. Ainiro (1990b) also found the slope for heat flux 
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Figure 6.10 Cospectra of w and q on DOY 174, plotted against normalised 
frequency f (f = nh/U(h)), at (a) 0.7 h and (b) 0.26 h. The curves are plotted in 
both log-log (circles, left axis) and log-linear (solid line, right axis) form. 
The -4/3 line is shown. 
The wq cospectra measured on DOY 174 and 211, at 0.7 h and 0.26 h, have a slope steeper 
than -4/3, similar to the uw cospectra. McCracken (1993) also found wq cospectra to have a 
slope steeper than 4/3 within a forest canopy. However, in contrast to the results presented 
here, he found the situation to be the same for wT cospectra. The average wq cospectrum at 
0.26 h on DOY 174 is also similar to the corresponding uw cospectrum, with no clear peak or 
region of constant slope. 
Again, parallels can be drawn between the scalar cospectra and the results from the quadrant 
analyses in the previous chapter. All of the cospectral curves have a fairly clearly defined 
cospectral peak, with two exceptions. The average wq cospectral curve at 0.26 h on DOY 174 
(Figure 6. lOb) has some low cospectral densities in the region associated with the peak at 0.7 
h; the average wT cospectral curve, over the same period, has a peak that is broad, but not 
consistently high (Figure 6.8c). During this measurement period, at 0.26 h, there were large 
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Figure 6.11 Cospectra of w and q on DOY 211, plotted against normalised 
frequency f(f = nWU(h)), at (a) 0.7 h and (b) 0.26 h. The curves are plotted in 
both log-log (circles, left axis) and log-linear (solid line, right axis) form. 
The -4/3 line is shown. 
elements creating wake turbulence. Gusts, penetrating from above the canopy, did not 
dominate the transport of momentum and scalars to the same extent as at 0.7 h, and at 0.2 h 
on DOY 211. This reduced contribution to scalar transport from large-scale events results in a 
loss of covariance at low frequencies, i.e. it is responsible for the low cospectral densities in 
the region of the spectral peak at 0.26 h on DOY 174. 
64.3 Frequency losses 
As mentioned earlier, the spectra presented in this chapter are uncorrected for frequency losses 
of the measurement system. There are several arguments against applying frequency 
corrections for flux measurements made within a plant canopy. Firstly, the cospectral curves 
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Figure 6.12 Total transfer functions for flux measurements of (a) momentum and sensible heat and 
(b) water vapour for a range of wind speeds characteristic of conditions above and within the canopy, 
for the eddy covariance system used in this study. 
thereby lie below the range of frequency loss of the system. This was found by Baldocchi and 
Meyers (199 1) for fluxes measured near the floor of a deciduous forest. Figure 6.12 shows the 
frequency response of the eddy covariance measurement system for the range of wind speeds 
experienced above and within the forest canopy on DOY 174 and 211. The frequency 
response decreases at lower frequencies for the covariance of wq than for uw and wT because 
of the separation of the instruments. For the uw and wT cospectra at all heights, and for the wq 
cospectra at 0.7 h, the main signal lies at frequencies below those at which frequency losses 
become significant. Only for the wq cospectra at 0.26 h does the system start to lose a portion 
of the signal at sufficiently low frequencies which might affect the flux measurements. 
Secondly, the transfer functions devised by Moore (1986), and widely applied to correct 
fluxes measured above plant canopies, are based on the model suface-layer cospectral curves 
(Kaimal et a!, 1972). For measurements made within plant canopies there are no 'typical' 
spectral curves on which to base a system of frequency corrections. 
Finally, McCracken (1993) questioned the applicability of the widely-used transfer functions 
of Moore (1986) in a highly turbulent environment, where Taylor's hypothesis is invalid. This 
affects the mathematical basis of the transfer functions, which assume Taylor's hypothesis 
holds. However, the cospectral curves presented above scale with h and U(h). This suggests 














calculation of turbulent length scales in the canopy environment, may also be applied to the 
cospectra measured within the canopy, i.e. the relevant wind speed to use for calculating the 
frequency loss of the system is the wind speed at the top of the canopy. If this is the case, the 
region where frequency loss of the system becomes significant lies at higher frequencies than 
the main cospectral signal for uw, wT and wq at all measurement heights. 
6.5 Below-Canopy Energy Balance 
If it is the case eddy covariance measurements within the canopy are not affected by frequency 
losses of the measurement system, there should be reasonable closure of the energy balance. 
This was studied for measurements made here, to evaluate the accuracy of the flux 
measurements of sensible and latent heat within and below the canopy. The energy balance 




where R was measured by the Q-7 net radiometer at a height of 2 m above the ground, G was 
taken to be the average of the values from seven soil heat flux plates, and H and )1E were 
measured by eddy covariance. The storage term (S, see Equation 2.9) was neglected, as there 
is little foliage in the layer between the ground and the height at which R, H and 2E were 
measured. Unfortunately, the net radiometer was not installed until late in the experiment, so 
only a limited data set is available during which all of the components in Equation 6.1 were 
being measured. During this period, eddy covariance measurements were made at 2.6 m on 
five days, and 1.5 mon seven days, for periods of 5 to 18 half hours between 09:00 and 18:00 
local time. 
Figure 6.13(a) shows the energy balance components plotted using data from each half-hourly 
measurement period. The results show a large amount of scatter, with particularly poor 
agreement for periods with high R values (> 150 W m 2). There is no clear differentiation 
between results using (H ±,%E) measured at 2.6 m and 1.5 m. This implies that there is little 
energy storage in the region between these two heights, reinforcing the omission of the storage 
term. A similar result was shown by Lee and Black (1993b) beneath a Douglas fir stand. 
The scatter in the data is probably the result of insufficient averaging of the components of the 
energy balance. Only one net radiometer was available for measurements of R below the 
canopy, which is a severe limitation in an environment where the net radiation is very 
heterogeneous. Ideally a spatial average should be used, either by deploying several net 
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Figure 6.13 The energy balance below the canopy using (a) half-hourly flux values, 
and (b) the sum of the fluxes for each measurement day. Measurements of H and AE 
from 2.6 m and 1.5 m are shown as filled and empty circles repectively. The 1:1 line 
is shown in each case. 
section of the radiation environment below the canopy (Lee and Black, 1993b; Baldocchi and 
Meyers, 1991). Unfortunately, in the black spruce forest the trees were generally too close 
together to enable a tram system to be used. If an area had been specifically selected as being 
suitable for the purpose, the net radiation results would have been biased by default, from 
being measured in a less dense portion of the canopy. Large variations in the measurements of 
Rn  are shown in Figure 6.14, which illustrates the four components of the energy balance for 
DOY 241 and 245, which were dull and clear, respectively. Peaks in R stand out on the latter 
day, caused by the intermittent irradiance of the net radiometer. 
In addition to the problems associated with a single, point measurement for R, is the fact that 
the footprint for flux measurements made within or beneath a canopy is constantly changing, 
in response to variations in wind direction, and incursions of air from above the canopy. 
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Figure 6.14 A comparison of the sizes of the four components of the energy 
budget beneath the canopy, on (a) a dull day and (b) a clear day. 
energy environment (Lloyd, 1995), so over a half-hour measurement period, some imbalance 
in the energy budget might be expected. The closure of the energy budget is better if fluxes are 
considered over a longer time period. Figure 6.13(b) shows the total energy balance for each 
day (i.e. the sum of each component over all the half-hours for each day). The agreement 
between (R - G) and (H + AE) is much better than shown in Figure 6.13(a), with r 2 = 0.61 
and agradient of 1.01. For individual days, the ratio (H+ 2E)/(R - G) ranges from 0.5 to 1.3. 
There does not seem to be any relationship between the size of this ratio and weather 
conditions, e.g. ratios of 1.4 and 0.7 were found on two fairly dull days, and ratios of 1.4 and 
0.5 on two clear days. Overall, there does not seem to be any consistent underestimation of the 
available energy by the eddy covariance measurements of H and AE. This supports the 
conclusions of Lee and Black (1 993 a) and Baldocchi and Meyers (1991), that when results 
are pooled to consider longer time periods, eddy covariance provides acceptable measurements 
of scalar fluxes below plant canopies. 
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6.6 Conclusions 
The power spectra of vertical and streamwise velocity fluctuations above the black spruce 
forest canopy were similar to those measured above other rough vegetated surfaces, with the 
expected slope of -2/3 in the inertial subrange. The position of the spectral peaks for u and w 
are invariant with height within the canopy. A non-dimensional frequency is defined based on 
canopy height and wind speed at canopy height. The peak frequencies agree well with those 
proposed by Finnigan and Brunet (1995) to be universal if the non-dimensional frequency is 
defined as f = n h/U(h). This supports the growing evidence that canopy height is a 
fundamental length scale in determining the nature of turbulent flow within a plant canopy. 
Dominant length scales of eddies within the canopy were 1 - 3 h for vertical velocity, and 2 - 
10 h for streamwise velocity. 
At frequencies higher than the spectral peak, the velocity power spectra depart from typical 
inertial subrange behaviour. Energy is lost more rapidly than expected as a result of 
absorption of momentum by canopy elements. There is some evidence of this energy being fed 
back in at higher frequencies in the form of wake circulations. The wide variation in spectral 
behaviour within plant canopies at frequencies higher than the peak implies that the high 
frequency turbulence is determined not by canopy height, but by canopy structure. 
The power spectra of temperature and water vapour within the canopy were similar to those 
above the canopy, with a low-frequency peak, and slopes close to -2/3 in the inertial subrange. 
Variations in conditions above the canopy may influence these scalar fluctuations to a larger 
extent than local changes. 
The cospectra of uw, wT and wq also have spectral peaks that are constant with height within 
the canopy. The peaks above and within the canopy coincide with the position of the peaks of 
the w power spectra. This indicates that the large-scale turbulence penetrating from above the 
canopy dominates the vertical fluxes of momentum and scalars, in which the small-scale, local 
turbulence plays little part. This being the case, frequency losses of the measurement system 
become unimportant, with the main signal lying at lower frequencies than those affected by 
system loss. Eddy covariance should be a viable technique for the measurement of turbulent 
fluxes in these conditions. This is supported by the energy balance closure beneath the canopy, 
which shows that when several half-hour periods are pooled to smooth out short-term 
variability, the available energy (R - G) is reasonably well represented by the sum of the eddy 
covariance fluxes of sensible and latent heat. 
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Chapter 7 
THE USE OF SIGMA-T SENSORS AS 
TRACERS FOR TURBULENCE 
7.1 Introduction 
To complement the study of atmospheric motion within the plant canopy based on profiles of 
velocity statistics presented in Chapter 4, fast-response thermocouples (sigma-T sensors) were 
used to investigate their usefulness as tracers for turbulence. If there are spatial temperature 
differences, in either the horizontal or the vertical, measurements of temperature at a point will 
fluctuate as air movements carry air at different temperatures past that point. Measurements 
of temperature fluctuations at a point will therefore reflect the movement of air past that point 
and, as such, act as tracers for atmospheric turbulence. The use of sigma-T sensors represent 
a much cheaper method of constructing turbulence profiles than using sonic anemometers to 
measure profiles of velocity statistics. 
Temperature fluctuations obtained from the sigma-T sensors can also be used to calculate 
sensible heat flux, following two methods. Firstly, they can be used in eddy covariance 
measurements of sensible heat, with the advantage the actual heat flux is measured, not the 
sonic, or virtual heat flux. Secondly, sensible heat fluxes can be estimated using Tillman's 
(1972) method (described in Chapter 2), based on the surface layer similarity scaling relation 
for the variance of temperature fluctuations. This method has been used above plant canopies 
by several authors (Lloyd et al., 1991; de Bruin et a!, 1993; Padro, 1993; Katul et a!, 1995) 
with reasonable results. It has also been shown to work successfully within a maize canopy at 
night (Jacobs et al., 1995), when free convection occurs below the capping temperature 
inversion at the top of the canopy. This method of estimating heat flux is cheap, as it does not 
require accompanying measurements of vertical wind speed. 
This chapter presents the following analyses: 
The time response of the sigma-T sensors is studied, looking at both raw data and power 
spectra of temperature fluctuations, and the results are compared with data from the 3-D sonic 
anemometer, and a 1 -D sonic anemometer that also uses a fast response thermocouple to 
measure temperature fluctuations. 
The values of standard deviation, skewness and kurtosis of temperature from the sigma-T 
sensors are compared with those from the 3-D sonic anemometers and, where available, the 
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1-D sonic anemometer. These comparisons were made for the heights where a sonic 
anemometer was located close to a sigma-T sensor (see Table 7.1). 
Profiles of standard deviation, skewness and kurtosis of temperature fluctuations from the 
sigma-T sensors for daytime and night-time conditions are presented, to investigate the utility 
of the sensors for describing canopy turbulence. 
Sensible heat flux above the canopy is calculated by eddy covariance, using the temperature 
fluctuations from the sigma-T sensor and vertical velocity from the sonic anemometer, and 
also using the variance-scaling method, described in Chapter 2. These fluxes are compared 
with those measured by eddy covariance using the sonic anemometers. The variance-scaling 
method is also tentatively applied within the canopy. 
Instrument set-up 
The sigma-T sensors are referred to throughout as s-T( 1.. 8), with the eight sensors placed at 
the heights shown in Table 7.1. The sensors were mounted in the same manner as the other 
instrumentation, attached to the end of booms extending towards the west across the southern 
face of the tower. The height of the sonic anemometer closest to four of the sigma-T sensors is 
also shown. Results from these four sets of sensors were used for a comparison between 
instruments above and below the canopy. Logging and data collection procedures were the 
same as those described in Chapter 3 for the sonic anemometers and IRGAs. 
Sensor Height (m) z/h 
s-T(l) 1.00 0.10 
s-T(2) 2.61 0.26 
s-T(3) 4.56 0.46 
s-T(4) 6.46 0.65 
s-T(5) 8.41 0.84 
s-T(6) 13.06 1.31 
s-T(7) 16.57 1.66 







Table 7.1. Heights of the sigma-T sensors, and of the sonic 
anemometers used for a comparison between instruments. 
Table 7.2 shows the sensors from which data were analysed for each aspect of the study of 
temperature fluctuations outlined above. For four days s-T(6) was logged on the same system 
as the sonic anemometers. This set-up enabled the temperature fluctuations from the sigma-T 
sensor to be used in eddy covariance calculations in conjunction with the vertical velocities 
measured by the anemometers. Furthermore, the turbulence statistics and power spectra from 
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Analysis Sensor No. of Days 
Time trace s-T(6) 1 
Power spectra s-T(6) 4 
Eddy covariance s-T(6) 4 
Statistics comparison s-T(2, 4, 6, 8) 9 
Statistics profiles all heights 6 (3) 
Sensible heat profile all heights 6 
Table 7.2 The sigma-T sensors used for each of the analyses 
discussed, and the number of days for which data were analysed. A 
number in brackets in the third column indicates night-time 
measurements. 
the sigma-T sensor, the 3-D and the 1-D sonic anemometers, measured at the same height, 
could be compared. For the rest of the instrument comparisons, the statistics from the three 
sigma-T sensors closest to a 3-D sonic anemometer were compared with the output from these 
instruments. Profiles of statistics of temperature fluctuations are presented for both daytime 
and night-time measurements. For all other analyses, daytime measurements are used. 
7.2 Time Response 
7.2.1 Time traces 
Figure 7.1 shows time traces of calibrated temperature fluctuations from Gi1109, CA27i and 
s-T(6) at z/h = 1.32 during an arbitrary daytime period of about four minutes. The traces from 
Gill09 and CA27i agree well apart from a small offset. The trace from the sigma-T sensor has 
a larger offset, and shows some substantial divergence from the fluctuations from the other 
two instruments. A delayed response to large fluctuations is evident in places, of the order of 3 
- 5 seconds. 
7.2.2 Power spectra 
Figure 7.2 shows normalised power spectra of temperature fluctuations from Gill09, CA27i 
and s-T(6) at 13.2 m. The spectra from Gi1109 and CA27i agree well at all frequencies. The 
power spectrum from s-T(6) is similar to the spectra from the other two instruments at low 
frequencies, but drops off more rapidly at frequencies above about 0.05 Hz, indicating that 
less signal is detected in this range. This indicates that the sigma-T sensor had a slower 
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Figure 7.1 Time trace of temperature fluctuations from the 3-D and 1 -D sonic anemometers 
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Figure 7.2 Power spectra of temperature fluctuations from Gi1109 (triangles), CA27i 
(filled circles) and the sigma-T sensor (squares). The curves are the average of eight 
hail-hour periods on DOY 223. 
It is not known why the discrepancy occurred between the signal from the sigma-T sensor and 
the other two temperature sensors. The response time calculated for the sigma-T sensor 
(Chapter 3) applies only to the external thermocouple junction, and neglects conditions within 
the casing which houses the electronics. The electronics were left uninsulated to prevent 
internal heating of the system. Consequently, they may have been responding to changes in the 
air temperature within the plastic tube holding the circuit board, lagged with respect to the 
outside air temperature. This may serve to dampen high-frequency temperature fluctuations, 
resulting in a slower response time for the sigma-T sensor than that for the thermocouple 
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alone. The time lag between the signals has serious effects on the accuracy of eddy covariance 
measurements made using temperature fluctuations from the sigma-T sensor; this is discussed 
in Section 7.5. 
7.3 Comparison of Temperature Statistics 
7.3.1 Standard deviation of temperature 
Figure 7.3 shows values of 0T  from the sigma-T sensors plotted against those from the sonic 
anemometers at four measurement heights. At 13.2 m, °T  values from the l-D sonic 
anemometer are also shown. Note that the values from the 3-D sonic anemometers are actually 
0Ts These have not been corrected, as described by Schotanus et al. (1983), because the 
correction term involves q' 7" (see Equation 3.13), and this was not calculated. However, the 
corrections to both T. and I-Is are small (< 1 % and 3 % respectively), and it would be expected 
that the correction to 0Ts  is also small. Figure 7.5(b) shows that the aT  values from the CA27i 
at z/h = 1.32 are in excellent agreement with those from Gill09. This supports the above 
statement that negligible error is introduced by assuming that °T,, = aT in the field conditions 
reported here. 
Figure 7.3 shows that for the two measurement heights above the canopy, the sigma-T sensors 
tended to give values of aT  slightly higher (about 5 % on average) than those from the sonic 
anemometers. Within the canopy, the values of 0T  from the sigma-T sensors were about 3 - 4 
% lower than those from the sonic anemometers, and there was more scatter in the correlation 
between the instruments. 
It is surprising that the values of aT  from the sigma-T sensors above the canopy were higher 
than those from the 1-D and 3-D anemometers. Given that the response time of the sigma-T 
sensors was slower than that of both the 3-D and the 1-D sonic anemometers, it would be 
expected that aT  would be less, as it was beneath the canopy. Kruijt (1994) proposed radiation 
loading as a source of error in measurements of 0T  with fast-response thermocouples. 
However, in this study a comparison of aT  values measured at night shows the same pattern 
as during the day, with aT  from the sigma-T sensor on average 4 % higher than that from the 
sonic anemometer. This suggests that radiation loading was not the source of the discrepancy. 
Other external variables (air temperature and wind speed) were examined to try to identify the 
cause of the discrepancies between the sigma-T sensors and the anemometers, but no 
conclusive results were obtained (Figure 7.4a). 
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Figure 7.3 Comparison of UT  from the sigma-T sensors and the sonic anemometers at approximate 
heights of (a) 25 m, (b) 13.2 m, (c) 7 m and (d) 2.6 m. The white circles in (b) are values from 
CA27i. The 1:1 line is shown. 
In contrast to the results from above the canopy, the values of 0T  from the sigma-T sensors 
below the canopy were smaller than those from the anemometers, and the results showed more 
scatter. There are several possible reasons for this. Firstly, as mentioned above, it is expected 
that an instrument with a slower response time would have a lower standard deviation, as it 
responds less rapidly to atmospheric fluctuations. However, it is not clear why the values of 
aT fit this expectation within the canopy, but not above the canopy. Secondly, values from the 
sonic anemometer are subject to larger measurement errors in low wind speeds, so the values 
of 0T  obtained from the sonic anemometer within the canopy, especially at the lowest 
measurement height, may not be as accurate as those at higher levels. Thirdly, at the middle 
measurement height (about 7 m) the sigma-T sensor and the anemometer were half a metre 
apart in the vertical. This separation is potentially more significant within the canopy than 
above it, because local eddy sizes are smaller, so the sensors may be responding to different 
temperature fluctuations. This is unlikely to have caused a consistent difference in aT  between 
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Figure 7.4 Discrepancy in values ofCY T measured by the sigma-T sensors and the sonic anemometer 
(a) above and (b) within the canopy, plotted against net radiation, temperature and wind speed (all 
measured at 26 m). 
Again, external variables were examined to try to locate the cause of the differences between 
values from the sigma-T sensors and the anemometers. However, as was the case for 
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measurements made above the canopy, no systematic errors could be identified with variations 
in net radiation, temperature and wind speed (see Figure 7.4b). 
7.3.2 Skewness and kurtosis 
The comparisons of the values of skewness (Figure 7.5) and kurtosis (Figure 7.6) of 
temperature fluctuations (ST  and KT,  respectively) measured by the sigma-T sensors and the 
3-D sonic anemometers at the four measurement heights all showed a much higher degree of 
scatter than for the comparison of aT.  This may be related to the much higher statistical 
uncertainty associated with time-averaged measurements of third and fourth order statistical 
moments, compared to second order moments, for a given averaging time (Lumley and 
Panofsky, 1964; also see this thesis, Chapter 2). At all measurement heights analysed, but 
especially at the lower levels, the sigma-T sensors had a tendency to produce spuriously high 
values for these statistics (e.g. kurtosis values of 12 or 13 when all the rest were 2 - 4). In the 
data set studied, this problem occurred in about 4 % of the half-hour measurement periods. 
With these data removed, however, there is reasonable agreement between the average values 
of ST  and KT  from the sigma-T sensor and the anemometers, with all instances except two in 
Figures 7.5 and 7.6 having overlap in the ranges bound by the standard errors (see Table 7.3). 
Note that all values of skewness and kurtosis were close to those expected for a normal 
distribution, so even though the scatter on the graphs appears large, the distributions do not 
differ substantially from a Gaussian distribution. 
25m 13m 7m 2.6m 
aT Gill 0.56 -0.59 0.45 -0.51 0.73-0.79 0.61-0.66 
sigma-T 0.57 - 0.61 0.49 - 0.56 0.70 - 0.76 0.59 - 0.65 
ST Gill 0.41 -0.58 0.06-0.25 0.23-0.39 -0.08-0.15 
sigma-T 0.24-0.48 -0.06-0.14 -0.10 - 0.19 -0.02-0.31 
KT Gill 3.14-3.31 3.20-3.38 2.97 - 3.21 2.86-3.06 
sigma-T 3.04-3.30 3.16-3.36 3.13-3.39 3.34 - 3.61 
Table 7.3 Comparison of statistics from the sonic anemometers and the signia-T scnsors. The 
values given are the range of the mean ± one standard error, for the data plotted in Figures 
7.3, 7.5 and 7.6. 
The above discussion shows that despite the time lag evident in the raw data from the sigma-T 
sensor, the mean half-hourly statistics were in reasonable agreement with those from the other 
temperature sensors deployed. The presence of occasional spikes in the higher moments at the 
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Figure 7.5 Comparison of skewness of temperature fluctuations from the sigma-T sensors and 
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Figure 7.6 Comparison of kurtosis of temperature fluctuations from the sigma-T sensors and 






7.4 Profiles of Temperature Statistics 
In general, during the day, air is cooler above a plant canopy than within it, as a result of 
absorption of radiation by canopy elements. Where the canopy is sufficiently dense, the lower 
portion of the canopy and the underlying ground will be shaded, resulting in lower 
temperatures in this region (Amiro, 1990a; Jacobs etal., 1992). Jacobs etal. (1995) described 
a situation for a maize canopy at night where there was a temperature inversion above the 
canopy, but within the canopy a state of free convection existed, driven by soil heat flux. In 
this study, temperature profiles were obtained, during the day and night, from the sonic 
anemometers at three heights (26 m, 7 m and 2.6 m). 
The daytime temperature profile (Figure 7.7) for the black spruce forest shows that air 
temperature continued to increase towards the ground. Presumably, this was a result of the 
open nature of the black spruce stand, which allowed radiation to penetrate through to the 
lower layers of foliage. The night-time temperature profile was the opposite of the daytime 
one, with the coolest temperatures occurring at the bottom of the canopy. With these simple 
temperature profiles, interpreting the profiles of standard deviation, skewness and kurtosis of 
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Figure 7.7 Temperature profiles measured in daytime 
(filled circles) and night-time (empty circles) conditions. 
136 
7.4.1 Daytime profiles 
Figure 7.8 shows profiles of standard deviation (a), skewness (b) and kurtosis (c) of 
temperature fluctuations for daytime measurements, with the sigma-T sensors. The first thing 
to note is that the variation with height for each of these statistics was much less than that 
shown by the corresponding profiles for vertical and streamwise velocity fluctuations (Figures 
4.2 and 4.5), and that the values of skewness and kurtosis did not vary much from the values 
for a Gaussian distribution. This was also found by Aniiro (1990a) in spruce, aspen and pine 
forest canopies. However, some vertical differentiation is evident, with distinct differences 
between values above and within the canopy, reflecting the different patterns of air movement 
in these two regions. 
The profiles of CIT  and KT  are the same shape, with larger values occurring within the canopy 
than above. This suggests that the extra variance within the canopy occurred in the form of 
rapid temperature changes causing peaks in the distribution, and therefore an increase in KT. 
The skewness was more positive above the canopy than within, where it was around zero. 
These profiles are consistent with the results from the quadrant analysis (Chapter 5), which 
showed that above the canopy, ejections dominated the flux of sensible heat. These slow-
moving updraughts carried warm air from within the canopy, resulting in a positive skewness 
of temperature. Within the canopy, gusts became more important in transporting heat. These 
fast-moving downdraughts brought cooler air into the canopy from above, reducing ST  and 
increasing KT.  This ensured good mixing of warm and cool air in the canopy, leading to a 
higher standard deviation in this region compared to that above the canopy. 
As noted above, the lowest sigma-T sensors were prone to giving spikes in the readings. 
Consequently, no physical interpretation is given for the increase in KT  and CIT  in the region 
below the canopy. 
7.4.2 Night-time profiles 
Figure 7.9 shows profiles of standard deviation (a), skewness (b) and kurtosis (c) of 
temperature fluctuations for the night-time measurements periods. These profiles show a less 
distinct shape than the daytime profiles. Values of cr T were lower throughout the profile than 
during the day. The kurtosis values showed a general increase with depth into the canopy. As 
in the case of the daytime profile, this reflects the influence of gusts penetrating from above 
the canopy. The skewness values were slightly positive, which is consistent with warmer air 
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Figure 7.8 Profiles of average daytime values of (a) standard deviation, (b) skewness and 
(c) kurtosis of temperature. The average value of a 1 at 2.4 h was 0. 58, s.e.= 0.02. The dotted 
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Figure 7.9 Profiles of average night-time values of (a) standard deviation, (b) skewness and 
(c) kurtosis of temperature. The average value of aT  at 2.4 h was 0.23, s.e.= 0.01. The dotted 
lines in (b) and (c) represent Gaussian values. 
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7.4.3 Limitations 
The profiles of temperature statistics do not appear to be as useful for describing atmospheric 
motions as the profiles of velocity statistics (presented in Chapter 4). The statistics studied 
show little variation in the vertical, and the values of skewness and kurtosis are close to those 
expected for a Gaussian distribution throughout the canopy. This makes the shape of the 
profiles sensitive to measurement errors, and therefore difficult to interpret. The sigma-T 
sensors used in this study have shown a tendency to give some spikes in the data, and the 
present design was therefore not wholly suited to the task. Improvements to the design, and 
rigorous testing of the sensor would resolve this issue. 
The lack of vertical variation in the statistics occurred for two reasons. 
All of the daytime measurements were made during unstable atmospheric conditions. In 
these circumstances, air above and within the canopy is likely to be well mixed, leading to 
little thermal stratification. As a result, gusts and ejections moving past a sensor will be 
transporting air that does not vary much in temperature, so the standard deviations are not 
very large. 
Temperature fluctuations differ velocity fluctuations, in that they exhibit a 'ramp structure' 
(Gao eta!, 1989; Shaw eta!, 1989) (Figure 7.1). If an ejection of air is passing a sensor, the 
vertical velocity remains roughly constant, but the temperature rises as warm air is brought up 
from lower in the canopy. This temperature rise is then abruptly terminated by a gust, 
bringing cooler air from above. Because of the slow rise in temperature preceding the gust, the 
rapid temperature decrease does not stand out as a peak in the temperature time series to the 
same extent as it does in the velocity time series. Overall the distributions of temperature 
fluctuations were closer to Gaussian than were the velocity fluctuations, resulting in profiles 
of skewness and kurtosis that show little vertical variation. 
7.5 Sensible Heat Flux Eddy Covariance 
Temperature fluctuations from s-T(6) were used to measure sensible heat flux by eddy 
covariance, using the vertical wind speed from Gill09. The results were compared against 
measurements of sensible heat using both w and T from Gill09 and from a 1-D sonic 
anemometer. All measurements were done at a height of 13.2 m. All sensible heat fluxes were 
corrected using the appropriate transfer function. For wind speeds of 1 - 5 in s 1 the flux loss 
for Gill09 was 2 %, and for CA27i it was 4 %. The loss for fluxes calculated using the sigma-
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Figure 7.10 Comparison of sensible heat flux, calculated by eddy covariance, from Gil109 
and CA27i. Fluxes from Gi1109 have been coordinate rotated, and frequency corrections 
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Figure 7.11 Comparison of sensible heat fluxes calculated by eddy covariance from Gill09, 
and using Gill09 w and T from the sigma-T sensor. Coordinate rotations and frequency 
corrections have been applied. 
the anemometers. Note that the transfer functions applying to the sigma-T sensor were 
calculated using the response time of the thermocouple, whereas the total instrument response 
time was considerably longer than this. If the time lag (evident in Figure 7.1) was constant, a 
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transfer function could be used to compensate for this additional loss of signal. However, as 
the lag varied in magnitude (and was at times absent), this procedure was not possible. The 
heat fluxes presented from Gi1109 are those produced directly from the sonic anemometer, i.e. 
they are H.  They have not been converted to actual heat flux, because simultaneous 
measurements of water vapour were not available. This leads to a small inaccuracy, which 
must be borne in mind when interpreting the results. 
Sensible heat fluxes calculated from CA27i were 6 - 8 % higher than those from Gi1109 
(Figure 7.10). The magnitude of this discrepancy is consistent with the error introduced 
because the wind speed coordinates of CA27i we not rotated, resulting in a higher o,,. The 
data were re-processed without doing rotations on the 3-D anemometer, and the resulting 
values of o were within 1 % of those from the 1-D instrument. The non-rotated Gi1109 
sensible heat fluxes were 10 % higher than when rotations were applied, and 2 % higher than 
those from CA271. This small discrepancy is within the range which would be expected 
between a virtual and actual heat flux. 
Substituting temperature fluctuations from the sigma-T sensor for those from Gill09 or CA27i 
in the eddy covariance calculations results in a sensible heat flux 12 - 15 % less than when the 
anemometer's own temperature fluctuations are used (Figure 7.11). This loss in covariance is 
the result of the slow response of the sigma-T sensor to temperature variations. Figure 7.12 
shows cospectra of the covariances between w from Gi1109, and temperature fluctuations from 
both Gill09 and s-T(6). The cospectrum using s-T(6) has more energy at low frequencies than 
that using Gill09 temperature, but drops off rapidly above 0.04 Hz, with very little signal at 
frequencies above 0.1 Hz. 
These results are similar to those of Redford et at. (1980), who compared latent heat fluxes, 
measured by eddy covariance, using a fast response (Lyman-a) hygrometer and a slow 
response psychrometer. Excluding data obtained during periods with low wind speeds, they 
found aq  from the psychrometer to be 2 % lower than that from the Lyman-a hygrometer, and 
the corresponding latent heat fluxes, measured using the same w, were 10 - 15 % lower. The 
cospectra calculated using the psychrometer showed a steep drop off above about 0.15 Hz. 
The reduced covariance between w and temperature from the sigma-T sensor can also be 
illustrated with reference to the correlation coefficients (rWT).  There was a consistent pattern 
between the values of rWT  for the different sets of eddy covariance data measured. The 
average value of rWT  for Gill09 was 0.41, and for CA27i was 0.42. These are close to the 
values expected in the surface layer in unstable conditions (Hicks, 1981; Kaimal et al, 1990; 
Foken, 1996). Substitution of temperature fluctuations from the sigma-T sensor reduced these 
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Figure 7.12 Cospectra of w and T using w from Gi1109, and T from both 
Gi1109 (triangles) and s-T(6) (filled circles). The curves are the average 
of eight half-hour periods on DOY 223. 
values to about 0.3. This decrease might be expected because of the increased distance 
between the wind speed and temperature sensors. However, the correlation coefficient between 
Gill09 w, and CA271 temperature fluctuations was calculated to be 0.38, despite the increased 
sensor separation. 
The correlation coefficients and the cospectra of w and T illustrate clearly the effects of the 
slow response of the sigma-T sensor to temperature fluctuations. Whereas statistics from the 
sigma-T sensors which were averaged Over half an hour were similar to those from the other 
two instruments, calculations involving the high-frequency (18.2 Hz) values suffer more 
serious limitations. 
7.6 Sensible Heat Flux : Surface-Layer Scaling Method 
7.61 Above the canopy 
The surface layer similarity relation established in Chapter 4 for the normalised variance of 
temperature was used, following the method of Tillman (1972), to estimate the sensible heat 
flux (H) from temperature fluctuations recorded by the sigma-T sensors. The effectiveness of 
this approach was assessed by comparison of the results with values of H from Gi1120 






Recall the similarity relations established in Chapter 4: 
= 2.02 ± 0.06 	for near-neutral conditions 	 [7.1] 
TIT* = 1 ((z - d)/L) -1/3 	 for free convection 	 [7.2] 
and the equation for estimating sensible heat flux for the whole unstable region: 
1/2 
H(z) = [(aT(Z))) 3 
(kg(z – d)C 2 - (z - d) / L1 	 [73] 
C-7 —A –(z–d/L )j 
where C2 = -(C 1 1C3)3 . From the above relations, this gives C2 = -0.125. 
A strong relationship between the stability function, z/L, and the skewness of temperature (ST) 
was found by Izumi (1971), Tillman (1972), and Antonia et al. (1981, 1982). Tillman used 
this relationship to determine z/L from measurements of temperature fluctuations. He then 
applied Equation 7.3 across the unstable region. In this study, no clear relationship was found 
between stability and ST.  This is probably a result of the small temperature gradients, 
illustrated in Figure 7.7, which led to little variation in temperature statistics. Consequently 
the reduced form of Equation 7.3 (Equation 7.4), which applies in conditions of free 
convection where (z - coiL is more negative than C2 , was used, as it does not require 




)] 	 [7.4] 
Following the method of Lloyd et al. (1991), sensible heat flux was calculated from the 
standard deviation of temperature fluctuations, and the mean temperature over the 
measurement period. Data were analysed for six days (80 half-hour periods). All of the 
measurements were made in unstable atmospheric conditions, with mean values of -(z - d)/L 
over a measurement day ranging from 0.14 to 17 (see Table 7.4, Section 7.6.2). 
Tillman (1972) cited values of C 1  ranging from 0.9 - I.I. Other workers have also found 
values of similar magnitude, e.g. 0.91 - 1.12 over tall grass prairie, and 0.85 - 1.03 over 
desert shrub (both Weaver, 1990), and 1.25 (Wesely, 1988). HogstrOm and Smedman-
Hogstrom (1974) obtained values of 0.92 ± 0.1 and 1.04 ± 0.13 for temperature and water 
vapour, respectively, over agricultural land. The data presented in Figure 4.9 give C 1 = 1 and 














•• • • 
•. 
• 	
:• . 00 0 





I 	 I 	 I 
0 	100 	200 300 400 	500 	600 
H (W m 2) measured 
Figure 7.13 Sensible heat flux estimated using the variance scaling method, compared 
with values measured by eddy covariance. Filled circles represent measurements 
made in unstable conditions; empty circles represent near-neutral conditions. 
Figure 7.13 shows the values of sensible heat flux calculated with the flux variance method 
using 0T  from the sigma-T sensor at 23.7 m compared with values calculated by eddy 
covariance at 25 m using Gi1120. It can be seen that while the correlation between the two 
values was high, the heat fluxes obtained using the variance method were about 10 % higher 
than those measured by eddy covariance for unstable atmospheric conditions. As this latter 
value is the sonic heat flux, which is higher than the actual heat flux, the overestimate from 
variance scaling is likely to be of the order of 12 - 13 %. Other workers have also found the 
variance method to over-estimate heat fluxes (e.g. Wesely, 1988; Lloyd et al., 1991). 
Including data from near-neutral conditions in the regression, as done by Lloyd et al. (1991) 
reduces the overestimation to 6 %. In this study, the higher values of sensible heat estimated 
using variance scaling were in part caused by the high values of ar  from the sigma-T sensors. 
If 0T  from Gi1120 is substituted into Equation 7.4, the resulting heat flux values are reduced, 
so that they are only 4 % higher than the measured values for unstable conditions. 
Sensitivity 
Estimates of sensible heat flux calculated using this technique are sensitive to the value of C 1 . 
For the data presented here, if C 1 had been taken to be 0.95 (after Tillman, 1972), the 
resulting heat fluxes would have been 16 % higher than those measured by the sonic 
anemometer using eddy covariance. 
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Changing the mean temperature used in the calculation of sensible heat flux by 10 °C altered 
the resulting flux by less than 2 %. This method of estimating heat flux can therefore be 
applied at different heights in the surface layer (and within the canopy, see Section 7.6) using 
a single temperature measurement with negligible loss of accuracy. 
Mahli (1993) and Lloyd et al. (1991) commented that estimates of sensible heat following the 
variance method are quite sensitive to errors in the value of the zero plane displacement, with 
a 20 % decrease in (z - d) resulting in a 10 % decrease in the estimated heat flux. For the data 
presented here, if d was taken to be 8 in (i.e. 0.8 h, giving a 17 % increase in (z - a)), which is 
within the expected range of d for forest canopies, the resulting estimates of sensible heat 
would be much closer to those measured by the sonic anemometer. However, if a higher value 
of d is used in the derivation of the original similarity relationships (Chapter 4 and above), a 
lower value of C 1 is obtained (C 1 = 0.95 for this data set). The effect of this change on the 
estimate of sensible heat flux from Equation 7.4 is opposite to and of similar magnitude to the 
change caused by increasing the value of d. The fluxes calculated with d = 8 in are within 2 % 
of those calculated with the value of d obtained in Chapter 4, and are 8 % higher than those 
measured by the sonic anemometer. 
7.62 Similarity within the canopy 
The similarity relation established in Chapter 4, and used above to estimate sensible heat 
fluxes above the canopy, was investigated for conditions within the canopy. Plots of o-T/T, 
against h/L (where T was derived from the surface-layer friction velocity according to 
Equation 2.55, and L is stability above the canopy) are shown in Figure 7.14 for 
measurements of aT  made at four levels within the canopy. It can be seen that the similarity 
relations for o/F were valid for heights down to 4.5 in (0.45 h), but began to break down 
below this level. 
Given the strength of this relationship, it should be possible to obtain estimates of sensible 
heat flux by applying Equation 7.4 to values of aT  from within the canopy. The scaling 
relations shown in Figure 7.14 used a constant length scale (h), because aT  was roughly 
constant with height in the region h to 0.4 h (see Figure 7.8). However, the sensible heat flux 
profile, measured by eddy covariance with the sonic anemometers, shows a decrease in heat 
flux with depth from the canopy top (Figure 7.15). Therefore, in order for the variance scaling 
method to produce estimates of heat flux that do not progressively overestimate the measured 
values as the ground is approached, it is necessary to select a length scale that also decreases 
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Figure 7.14 Similarity relations for crT/T* within the canopy (white triangles) at (a) 8.4 m, 
(b) 6.5 m. (c) 4.5 m and (d) 2.6 m, plotted against a stability parameter based on canopy height. 
The similarity relation at 25 in is shown for reference (filled circles). Note that the x-axis 
for this plot is (z-d)IL. 
Height above the ground (z) was chosen, such that sensible heat flux was calculated as: 
1/2 
_____ (kgz 1 H(z) = [(ci (z)j [7.5] 
Figure 7.15(a) presents a profile of sensible heat flux calculated using 0T  from the sigma-T 
sensors in Equation 7.4 above the canopy, and Equation 7.5 within the canopy. The 
corresponding sensible heat flux profile measured by the sonic anemometers is also shown. 
The data presented at 1.32 h are from a different period than those at the other heights. It can 
be seen that within the canopy, down to about 0.5 h, estimates of sensible heat flux from the 
variance scaling method are as good as they are above the canopy; the estimated fluxes are 
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Figure 7.15 (a) Average profiles of sensible heat flux measured by eddy covariance 
(filled circles) and estimated from the sigma-T sensors (empty circles). In (b) the heat 
fluxes have been normalised by the measurement at 2.5 h. 
normalised by the value at 2.6 h, the estimated profile agrees very well with the normalised 
eddy covariance profile (Figure 7. 15b). Below 0.45 h, in the region where the similarity 
relations shown in Figure 7.14 begin to break down, the estimates of sensible heat flux 
become unrealistically large. 
To ensure that the good agreement between estimated and measured heat fluxes within the 
canopy, shown in Figure 7.15, is not simply the result of averaging a wide scatter of data, 
Figure 7.16 presents the heat fluxes estimated using the variance-scaling method, plotted 
against the fluxes measured using eddy covariance, at 2.6 h, 0.7 h and 0.26 h, for the 6 days 
on which the comparison was done. It can be seen that the agreement holds reasonably well on 
all days, with good results often being obtained even at the lowest measurement height. Some 
days show better results that others, e.g. on DOY 214 the agreement between estimated and 
measured fluxes was good at all heights, whereas on DOY 161 fluxes were consistently 
overestimated by the variance-scaling method The effects of meteorological variables were 
studied (see Table 7.4), but no major differences in air temperature, net radiation, incoming 
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Figure 7.16 Comparison of H (W m 2) estimated using the variance scaling method, with values 
measured by eddy covariance, at 25 m, 7 mand 2.6 m, on 6 separate days. 
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Temperature Net Incoming solar Wind U * 0117  
DOY (° C) Radiation radiation speed (m s4 ) (° C) -(z-d)/L 
(W m 2 ) (W m 2) in s)  
161 20-22 500-700 650-950 5 0.8 0.3-0.7 0.47 
162 16-18 400-600 500-700 5 0.8 0.5-0.6 0.16 
204 18-21 400-600 550-750 2 - 3 0.4 0.6-0.8 0.14 
209 25 - 28 500 - 700 700 - 900 2 - 5 0.3 - 0.9 0.5 - 0.6 16.9 
211 23-26 400-600 600-800 2 0.3 0.6-0.7 4.37 
214 23-26 400-500 1 	600-800 	1 4 1 	0.6 1 	—1 1 0.31 
Table 7.4 Meteorological conditions and turbulence statistics on the 6 days for which 
data are shown in Figure 7.15 and 7.16. 
in the level of agreement between estimated and predicted heat fluxes. Over the whole data set, 
at the middle measurement height, the degree of over-estimation of the heat flux showed a very 
slight trend to increase with larger values of 0T  This may be related to the value of C 1 , which 
was derived from above-canopy turbulence statistics; this value may be less appropriate 
within the canopy. However, as shown in Figures 7.15 and 7.16, the variance-scaling 
technique for estimating sensible heat fluxes provided reasonable estimates both above and 
within the sparse black spruce forest canopy. 
7.7 Conclusions 
The sigma-T sensors used in this experiment had a response time much slower than that which 
was calculated for the thermocouple alone. Especially significant is the lag of about 3 - 5 
seconds introduced into the time trace of temperature fluctuations, as shown in Section 7.1. 
This results in much lower values of correlation coefficients and eddy covariance 
measurements than expected, because these calculations use the high-frequency fluctuations of 
temperature measured by the sigma-T sensor. However, despite the time lag, values of the 
half-hourly statistics calculated generally agreed with the values produced by other 
temperature sensors to within 5 %. Some confidence can therefore be placed in the profiles of 
standard deviation, skewness and kurtosis of temperature fluctuations, and in the values of 0T 
used for the calculations of sensible heat flux using the variance-scaling method. The 
following conclusions can be drawn regarding these two applications of fast-response 
temperature measurements: 
1) The profiles of statistics of temperature fluctuations were not as useful as velocity 
turbulence statistics for tracing atmospheric motion in a region where the air is well mixed, 
because the temperature gradient was insufficient to bring parcels of air of substantially 
different temperature past the sensor. Furthermore, the 'ramp' structures, identifiable in a time 
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trace of temperature fluctuations, resulted in a distribution of fluctuations that is closer to 
Gaussian than for velocity fluctuations. 
The variance-scaling method of calculating sensible heat flux was successful not only 
above the forest, but also within the canopy down to the level of the zero plane displacement. 
The good agreement seen between the estimated flux profile and that measured by eddy 
covariance is likely to be an artefact of the peculiarly open and sparse stand structure; it 
would be interesting to attempt to apply this method within other canopy types. In this black 
spruce canopy, at least, it provides an economical means of measuring a profile of sensible 
heat flux to a reasonable degree of accuracy. 
The success of the variance-scaling method as a means of estimating sensible heat fluxes, 
despite the slow response time of the sigma-T sensors, indicates that this technique could be 
applied using slower, more robust thermocouples, more suited to field use. To be able to place 
confidence in the results, the design of the sigma-T sensors should be studied closely to ensure 
that radiation errors are minimised, to calculate an accurate response time for the whole 
instrument, and to minimise sensitivity of the electronics to external temperature variations. 
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Chapter 8 
SUMMARY AND CONCLUSIONS 
8.1 Introduction 
This thesis has sought to describe the nature of turbulent transport of momentum and scalars 
within the canopy of a black spruce forest. By doing so, it is expected to increase our 
understanding of the processes that govern exchange of heat, water and other scalars between 
vegetation and the atmosphere. This chapter summarises the main findings, and discusses their 
relevance and implications for the measurement and modelling of plant-atmosphere exchange 
processes. 
8.2 Similarity Relations Above the Canopy 
Above the canopy, values of o, o and o, normalised by the friction velocity, were similar 
to values for near-neutral conditions established over smoother, more homogeneous terrain, 
obtained in earlier studies (e.g. McBean, 1971; Bradley et al., 1981). Many other 
measurements of these parameters over rough forest surfaces have been lower than the 
established values (e.g. Lee and Black, 1993a; Green et al., 1995). These differences may be 
related to the logistical difficulties of installing instrumentation sufficiently high over a forest 
to be above the influence of the roughness sublayer. The results presented in this thesis 
indicate that this was not a problem in this study. Normalised values of o, 0T  and 0•q'  plotted 
against (z - d)/L (in log-log form), displayed the expected slope of ± 1/3 in free-convective 
conditions. o/q*  showed the most variation in the free-convective region, implying that water 
vapour fluctuations may be subject more to small-scale heterogeneity than either w or T, and 
therefore do not perfectly obey Monin-Obukhov similarity theory. This has also been observed 
by other authors (e.g. McBean, 1971; Weaver, 1990). 
8.3 Turbulence Within the Canopy 
The upper portion of the black spruce canopy, where the crowns were narrowest, proved to be 
ineffective at absorbing momentum, resulting in a low zero plane displacement (d = 0.45 h). 
The lower portion of the canopy, however, despite the relatively wide tree spacing, was an 
effective momentum sink. Consequently, wind speeds beneath about 0.4 h were low (generally 
0.2 - 0.4 m s'), resulting in high turbulence intensities (1 - 2, compared with 0.1 - 0.2 above 
the canopy). Skewness and kurtosis values for streamwise and vertical velocity components 
within the canopy showed a similar pattern to studies in other real (Amiro, 1990a) and wind 
tunnel (Shaw and Seginer, 1987) canopies, indicating the presence of intermittent gusts 
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penetrating from above the canopy. Integral Eulerian length scales, calculated according to 
Taylor's hypothesis, using the integral time scale and the local wind speed, showed these to 
originate from eddies at the canopy top with dimensions of the order of canopy height. 
However, the decrease of length scales towards the ground, to magnitudes of less than 0.1 h, 
reflects the prevalence of small-scale, high-frequency turbulence within the canopy 
environment. This pattern has also been seen in a range of other canopy types (e.g. Raupach, 
1988; Gardiner, 1994) 
Turbulence profiles indicate that there are two main scales of turbulence operating within the 
canopy: small-scale, local turbulence, which shows a general decrease of eddy size towards 
the ground, and large-scale turbulence, generated in the region of shear at the canopy top. It is 
necessary to know which of these regimes dominates the transport of momentum and scalars, 
to be able to ascertain the viability of eddy covariance as a technique for measuring fluxes 
within plant canopies. 
8.4 Time and Length Scales of Turbulent Transport 
Quadrant analysis showed the transport of momentum, heat and water vapour to be dominated 
by large-scale, intermittent events, with up to 80 % of the flux being transported in 5 - 20 % 
of the time. The intermittent nature of the turbulent transport was more pronounced within the 
canopy than above. This indicates that the small-scale eddies are less important than the large-
scale eddies for turbulent transport. This is similar to results from other studies in forests (e.g. 
Bergstrom and HOgström, 1989) and in wind tunnel experiments (e.g. Raupach etal., 1986). 
The dimensions of the dominant eddies were found by applying Taylor's hypothesis to the 
dominant time scales of vertical and streamwise fluctuations, obtained from spectral analysis. 
In agreement with several other studies of power spectra within canopies (e.g. Aniiro, 1990b; 
Gardiner, 1994), it was found that the position of the spectral peaks did not scale with height 
and wind speed (as is the case above plant canopies), but were invariant with measurement 
height. This suggests a common speed of passage past the sensors at both measurement 
heights within the canopy. Instead of using the local wind speed to calculate the length scales, 
the mean wind speed at the top of the canopy was used, as this is likely to represent more 
accurately the wind speed associated with the progress of the large, dominant eddies past the 
sensors. Within the canopy, dominant eddies were found to have vertical and streamwise 
dimensions of the order of 1 - 3 h and 2 - 10 h respectively. These values are similar to those 
presented by Finnigan and Brunet (1995) (2 - 3 h and 5 - 6 h for the vertical and streamwise 
length scales, respectively) as being characteristic of the dominant scales of turbulence within 
plant canopies. 
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8.5 Canopy-scale Properties as Scaling Variables 
Profiles of many of the turbulence statistics for the black spruce forest were compared with 
those presented by Raupach (1988) and Finnigan and Brunet (1995). In these studies, data 
from a wide range of real and artificial plant canopies were reported. With the measurement 
height (z) normalised by canopy height (h), and the statistics normalised by wind speed at the 
canopy top, or the friction velocity, the agreement was excellent, with data from this study 
fitting the range found in other canopies. 
Power spectra and cospectra were also studied to identify scaling variables. Power spectra of 
u and w, and uw cospectra, when plotted against a normalised frequency based on h and U(h), 
have been found to scale to the same peak frequency for a measurements made within a range 
of canopies (Finnigan and Brunet, 1995). Again, the data presented here conform reasonably 
well to the suggested 'universal' peak values. 
The black spruce forest has peculiar stand characteristics, with foliage tightly clumped in 
narrow tree crowns, and many gaps in the stand, despite a high density of trees. Considering 
this, it is remarkable that the turbulence parameters obtained in this study show such good 
agreement with results from other canopies. The two sets of results, discussed above, indicate 
the importance of canopy-scale properties of turbulent flow in influencing the nature of 
turbulence within the canopy. However, there are instances where the turbulence profiles from 
the black spruce forest diverge from those presented by Raupach (1988), e.g. the momentum 
flux profile is shifted to a lower normalised height compared with those in other canopies. 
There are two possible contributory factors that may account for this. Firstly, although the 
effect of canopy structure may be over-ridden to a large extent by the influence of canopy 
height on turbulent flow, it should not be discounted, especially if the canopy has unusual 
structural features, as is the case in the black spruce forest. Two notable data sets that do not 
show good agreement with the profiles mentioned above are those of Baldocchi and Hutchison 
(1987) from an almond orchard, and Baldocchi and Meyers (1988a) from a deciduous forest. 
The differences in these instances were attributed to very uniform row structure in the former, 
and extreme concentration of foliage in the crown space in the latter (Kaimal and Finnigan, 
1994). 
The second factor that could cause variation between profiles plotted as a function of z/h is 
that the agreement between the profiles is subject to the choice of h. For an artificial canopy in 
a wind tunnel, or a plantation forest or orchard, the 'element' or tree height may be fairly 
uniform, and h is easily defined as mean tree height. However, for a natural forest, with a 
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range of species, age classes and tree heights, the definition of h is more difficult. To use the 
mean canopy height disregards the layer containing the tops of the taller trees, which is where 
the air flow above the canopy first comes into contact with the rough forest surface. 
Consequently, another statistical measure (such as median tree height) may be used, or h may 
be judged relatively subjectively, as was done here. 
Despite these two restrictions to the use of canopy-scale properties as scaling variables for 
turbulence statistics, the overall pattern that has emerged, from this and previous studies 
shows canopy height, friction velocity and wind speed at the canopy top to be important 
parameters for determining the nature of the mean turbulence statistics within the canopy. The 
existence of 'universal' profiles of these statistics will simplify the task of modelling air flow 
and turbulent transport, by limiting the need to measure turbulent parameters. 
8.6 Scalar Fluctuations and Transport 
Too few previous studies have been made of scalar power- and cospectra within plant 
canopies to enable generalisations to be made regarding their relationships with canopy-scale 
properties. However, similarities in the behaviour of heat and water vapour transport have 
been identified in this study. Within the canopy, the power spectral peaks for both temperature 
and water vapour occur at lower frequencies than the velocity spectral peaks. However, the 
turbulent fluxes of heat and water vapour are dominated by fluctuations of w, with the 
cospectral peaks coinciding with the w spectral peaks (and the uw cospectral peaks). The 
mechanisms of scalar and momentum transport are similar, being dominated by ejections 
above the canopy and gusts within the canopy. Heat flux was less influenced by extreme 
events than either water vapour or momentum flux. This was also found by Lee and Black 
(1993b). It may be that the correlation between w and T is higher than that for u and w or w 
and q. This would occur if small-scale fluctuations were correlated, thereby transporting a 
higher proportion of the flux. 
As a result of problems with the instrumentation, no data were available for fluctuations of 
CO2  above or within the canopy. However, other studies have shown similarity between the 
cospectra for turbulent fluxes of heat, water vapour and CO 2  in the surface layer above plant 
canopies (Ohtaki, 1984; Anderson et al., 1986). From the similar behaviour shown in the 
transport mechanisms of heat and water vapour within the canopy in this study, it may be 
possible to infer that turbulent fluxes of CO 2  are governed by the same mechanisms, i.e. that it 
is dominated by large scale eddies, penetrating from above the canopy in the form of 
intermittent gusts. 
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While the profiles of turbulence statistics within the sparse canopy of the black spruce forest 
were largely similar to those in other plant canopies, the temperature profiles showed more 
variation. The open canopy resulted in little heat being absorbed between the canopy top and 
the ground, producing a temperature profile with no daytime inversion below the canopy. At 
night the situation was reversed, with the lowest air temperatures being found near the ground. 
The similarity relations, established above the canopy between OT/  and (z - d)/L, also held 
within the canopy between o/T and hIL, down to the level of the zero plane displacement. It 
was hypothesised that this was a function of the open nature of the canopy. By using the 
similarity relations, a profile of sensible heat flux could be estimated, using the variance-
scaling method. This method has previously been used successfully above vegetated surfaces 
(Lloyd et al., 1991), and in conditions of free convection within a maize canopy at night 
(Jacobs et al., 1995). In this study, in unstable daytime conditions, estimates of sensible heat 
flux within the canopy were within 10 % of measurements by eddy covariance. If net radiation 
and soil heat flux are also measured, water vapour fluxes may be estimated from energy 
balance closure. This method of flux measurement, based on variance-scaling relations, could 
be applied either above the canopy, if the energy storage term is considered, or towards the 
bottom of the canopy, where storage is less important. 
8.7 Taylor's Hypothesis 
It has long been understood that Taylor's hypothesis is invalid within highly turbulent 
environments such as plant canopies, where the mean wind speeds are very low. However, for 
ease of comparison of results with previous work, it is still widely applied as a means of 
estimating turbulent length scales. The description of canopy turbulence that has been 
emerging in recent years from a range of studies, summarised by Raupach (1988), Kaimal and 
Finnigan (1994) and Finnigan and Brunet (1995) indicates the dominance of canopy-scale 
properties on turbulent flow within the canopy. This points to a more valid method of applying 
Taylor's hypothesis, based on a measured time scale, and the wind speed at the top of the 
canopy. 
8.8 Eddy Covariance 
The closure of the energy balance within the black spruce canopy indicates that eddy 
covariance is a viable technique for measuring turbulent fluxes in this environment, given a 
sufficiently long time period. The energy components, summed over each measurement day, 
balanced reasonably well when considered over the 12 days for which data were available. 
The discrepancies on individual days (up to 50 %) reflect the problems of obtaining 
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representative averages for the components of the energy balance, particularly net radiation, in 
such a heterogeneous environment. 
The influence of large-scale turbulence from above the canopy results in cospectral peaks for 
sensible and latent heat fluxes that occur at a frequency below that where sensor losses 
become significant. Low spectral densities on occasions of low measured fluxes appear to 
occur in the region of the cospectral peak, rather than as high-frequency signal loss. 
Conclusions similar to these have been drawn before (e.g. Baldocchi and Meyers, 1993; Lee 
and Black, 1993b), regarding the validity of eddy covariance in a highly-turbulent canopy 
environment. However, insufficient work has been done on the measurement of scalar 
cospectra to attempt to find a universal 'ideal', or model, cospectral curve, as has been 
achieved in the surface layer. This is an area of study that should be targeted to further our 
understanding of scalar transport within and below plant canopies, and to ensure accuracy of 
flux measurements in this environment. 
8.9 Suggestions for Further Work 
Many facets of the work described in this thesis would benefit from further investigation. 
There are uncertainties associated with the use of eddy covariance to measure turbulent fluxes 
within plant canopies, because the extent to which frequency losses affect the measurements is 
not well known. The validity of eddy covariance for measuring fluxes in these conditions 
could be tested in two ways. Firstly, measurements of the components of the energy balance 
within a wider range of canopies are necessary, to ensure that sensible and latent heat fluxes, 
obtained by eddy covariance, are equal to the available energy. Emphasis should be placed on 
obtaining representative averages of net radiation and soil heat flux, especially where 
conditions are very heterogeneous. Secondly, more extensive measurements of cospectra of 
momentum and scalars are required, to investigate the range of conditions where a prominent 
cospectral peak is displayed at low frequencies (e.g. Baldocchi and Meyers, 1991), and 
conditions under which no clear peak- can be identified (e.g. McCracken, 1993). In the latter 
circumstance, flux measurements may be unreliable. A comprehensive study of both power-
and cospectra will also clarify the extent to which the peak frequencies, normalised by 
canopy-scale properties, are consistent between different canopies (as suggested for velocity 
spectra by Finnigan and Brunet, 1995). 
Frequency losses affect flux measurements to a greater extent when wind speeds are low, as 
experienced within plant canopies. However, the mean wind speed is not representative of the 
speed with which dominant eddies are advected past the measurement system. This wind speed 
could be estimated by conditionally sampling a time series of streamwise velocity, to obtain 
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the average wind speed associated with large, intermittent flux events (i.e. those responsible 
for transporting most of the flux). The frequencies at which signal is lost at this wind speed, 
compared with measured cospectra, would give an indication of the extent to which frequency 
losses pose a serious drawback to flux measurements by eddy covariance in the canopy 
environment. 
Problems have been found associated with the measurement of CO 2 fluxes, above plant 
canopies, during stable night-time periods, where eddy covariance measurements do not 
equate with summed CO 2 budget components within the canopy (soil and biomass efflux, and 
storage) (e.g. Goulden et al., 1996; Jarvis et al., 1996). A comprehensive analysis of the 
characteristics of turbulent transfer of CO 2 within and above plant canopies at night may help 
explain the exchange processes involved. 
Estimates of sensible heat fluxes, using variance-scaling relations based on measurements 
made with fast-response thermocouples, could be compared against measured values in other 
canopy types. The method might be expected to produce satisfactory results in canopies that 
are sufficiently open to support free-convective conditions (such as the black spruce canopy in 
this study). It could also be investigated in taller, closed canopies such as tropical forest. In 
these conditions, the method may work best at night, under a temperature inversion at the top 
of the canopy. 
For the 'universal' profiles of turbulence statistics within plant canopies to be useful in 
modelling applications, their scope and limitations should be tested. Measurements of 
turbulence profiles in a wide range of canopies, including those with unusual structural 
features, will aid understanding of the importance of various characteristics of a canopy in 
governing turbulent flow, and will help determine whether the 'universal' profiles are 
applicable in a given situation. 
Many models of turbulent flow and transport within plant canopies make simplifying 
assumptions about the turbulence field, for example that the flow is Gaussian, that local 
isotropy holds, that there is a single turbulent length scale, or that turbulence is homogeneous. 
Measurements, however, from this and other studies, show that these assumptions generally 
do not apply. Accurate measurements of turbulence statistics, and fluxes of momentum and 
scalars, allow rigorous testing of the sensitivity of models to simplifications of measured 
turbulence parameters. If it is the case that models are fairly insensitive to variations in the 
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The following equations describe the transfer functions required to correct measured fluxes for 
frequency losses of the measurement system. For further details, see Moore (1986). In all 
equations, n is natural frequency (Hz) and U is mean streamwise wind speed. 










Digital recursive running mean, Tr(fl) (Figure Al. la) 
	
- 	27lfltr 	 [A1.2] 
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where 77 = e r ), r is the time constant of the running mean, At = 1 Ins, (n5 = sample 
rate) and tr'  the effective time constant is tr = i[n5( 1 - 
Sonic anemometer dynamic response time, T(n) (Figure Al. ib) 
Tda(fl) = 
1 [Al.3] 
ji + (2flflVra )2 
where Tra  is the response time of the sonic anemometer. 
IRGA dynamic response time, T(n) (Figure Al. lb) 
1 {A1.4] Td(n) = 	27znrj )2 
where r.j is the response time of the IRGA. 
Sensor response mismatch time, Tm(fl)  (Figure Al. id) 
Tm(n)=
1+(2nn)2zr1.  [Al.5] 
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Sonic anemometer path averaging, Twa(f,) (Figure Al. I  c) 
7va(fa)
[I+e - 21 	
2rf. 
2 - 	4':/ 	] 	
[A1.61 
Xf. 
where fa = np. / U, and pa is the path length of the anemometer. 
IRGA path averaging, T1(1)  (Figure Al. I  c) 
7 (f)• = — 1+  




where fi = np1 IU, and pi is the path length of the IRGA. 
Instrument separation, TS(f)  (Figure Al. ld) 
= e 9.9f,'5) 	 [A1.8] 
where j = ns / U, and s is the separation of the instruments. 
Total transfer functions 
The total transfer function for sensible heat and momentum fluxes are 
TWT(n) = T(n) = TB(n).Tr(n).Tth(n).Twa(n) 	 [A1.9] 
and for water vapour and CO 2 fluxes are 
Twq(n) = Twe 	= TB(n). Tr(fl). T(n)h1'2 . TdI(n) 1/2 Tm(fl).Twa(fa)"2 . T •f) 1 "2  T (,f) WI I 	• S S 
[A 1.10] 
These are shown in Figure A1.2, for a wind speed of 3.5 m s, with a separation of 30 cm 
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Figure Al.! Individual transfer functions for the measurement of fluxes with the 3-D 
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Figure A1.2 Total transfer functions for the measurement of fluxes of water vapour and 
CO2 (T, T) and sensible heat and momentum (TWT , T). 
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Appendix A.2 
CALIBRATION OF ADVANCED SYSTEMS IRGAs 
A2.1 Introduction 
The Advanced Systems (AS) open-path gas analysers were calibrated by passing scale gases 
through a calibration hood, which is a cylinder that fits over the instrument head to exclude 
ambient air. The calibrations were done with the instrument head in the upright position, i.e. 
the same as for normal operation. As a step change in scale gas was introduced into the 
calibration hood, the voltage output was monitored graphically. When the signal levelled off 
the voltage was recorded for that scale gas, and the next scale gas was passed through the 
hood. The output range of the AS is -5 to +5 V. The time spent on each calibration was kept 
as short as possible to avoid the effects of instrumental drift. The calibrations to obtain values 
for the gains for water vapour and CO 2 are described below. 
A2.2 Water vapour 
A2.2.1 Calibration 
The gain of the AS for water vapour is known to be fairly stable (McCracken, 1993). In the 
field, the instruments were calibrated once using a portable dew point generator (L16 10, LiCor 
Inc, Lincoln, NE, USA). This generates a stream of air saturated at a selected temperature 
(dew point temperature, 7'd),  so the vapour pressure (e) is known. The calibrations were done 
on a cool, calm, overcast day to avoid effects of direct heating of the instrument head or 
calibration hood, and so to minimise the drift in offset. Air streams from the L16!0 with dew 
point temperatures of 4, 8 and 15 °C were passed through the AS calibration hood at 1 dm 3 
min-', and the voltage output from the AS was recorded. At the end of the calibration of AS2 
the L1610 was set to a dew point of 4 °C to check the drift in offset. A hand held manometer 
was used to measure the overburden pressure (Ap) inside the L16 10, as a pressure difference 
between the L1610 and the gas analyser causes a difference in vapour pressure between the 
two instruments. The mole fraction of water vapour (w) was calculated as: 
w=l000e/(P+ L\p) 
in mmol mol', where P is atmospheric pressure. 
Figure A2. 1 shows the results from the calibrations of AS! and AS2 for water vapour. The 
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Figure A2.1 Water vapour calibration curves for the open-path IRGAs. 
These values are both close to the previous calibration of 1.389 mmol mo1 1 V, obtained in 
the field in 1992. This supports previous findings that the gain for water vapour of the AS is 
very stable. The drift in offset between the first and last calibration at 7'd = °C was less than 
20 mV. 
A2.2.2 Spectra 
A comparison was made of power spectra of water vapour fluctuations for measurements 
made at 2.6 h on DOY 149, 151, 152 (Figure A2.2). The spectra on DOY 149 and 152 
showed the expected form for both instruments, with a slope of -2/3 in the inertial subrange. 
Measurements from AS 1 on DOY 151 showed a loss of spectral energy at frequencies above 
about 0.1 Hz. It is not known why this occurred, but it must be borne in mind when the water 
vapour power spectra are being interpreted. The dip in the power spectra on DOY 151 does 
not seem to affect the cospectra of w and q, which are very similar between both instruments 
on all three days. (shown in Figure A2.3 for DOY 151 and 152). 
A2.3 CO2 
A2.3.1 Calibration 
The AS open path IRGA has a drift in offset for CO 2, and has also been shown to exhibit a 
variability in gain, dependent on temperature (Moncneff et al., 1992). If the rate of drift of the 
offset is small, its effects on flux measurement can be removed by the use of a running mean. 
It has been suggested that the variation in gain should be accounted for by calibrating the 
instrument several times during the course of a day, and using a separate calibration for each 
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Figure A2.2 Power spectra of water vapour fluctuations from the AS open-path IRGAs on 
(a)DOY 149 and 152 (average of 13 half-hour periods) and (b)DOY 151 (average of eight 
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Figure A2.3 Cos ecmofwandqmeasureLl at 2.6 hon (a) DOY 152 and (b)DOY 151. 
Each curve is the average of eight half-hour periods. 
consuming, and interrupts continuous flux measurements. As part of this experiment, an 
investigation was done into the relationship between gain and temperature, to see if the 
appropriate gain for a measurement period could be deduced without the need for frequent 
recalibration of the instruments. Several sets of measurements regarding the gain calibration 













Routine field calibrations of AS2 done during the 1993 BOREAS field campaign (1FC93), 
looking at the effects of air temperature. 
Calibrations of AS 1 done in a temperature controlled laboratory environment, monitoring 
the temperature of the instrument head, air inside the calibration hood and the ambient air 
temperature. 
Routine field calibrations ofASi and AS2 done during the 1994 field season, looking at the 
effects of air temperature. 
Field calibrations of AS 1 and AS2 done in 1994, monitoring the temperature of the 
instrument heads throughout the day. 
Gas standards 
Standard gases with quoted CO 2  concentrations of 310, 350 and 390 ppm (British Oxygen 
Company, Special Gases, Crewe, UK) were recalibrated to obtain accurate concentration 
values. The offset and span of a L16262 closed-path CO 2 analyser were set using Wosthoff 
pumps to generate CO 2-free air, and air with a CO 2 concentration of 400 ppm. The gas 
standards were then calibrated against the L16262. The resulting calibrations for the standards 
were 326, 380 and 370 ppm for the quoted values of 310, 350 and 390 ppm, respectively. 
These standards were used for the sets of calibrations in (1) and (2) above. 
For the 1994 field season, the BOREAS project provided a primary standard gas, calibrated at 
401 ppm CO2. for all groups to use as a reference, to ensure comparability of final flux 
measurements made at different sites. A L16262 was calibrated against this primary standard 
gas, and the concentrations of three new scale gases (Praxair Products Inc, Saskatoon, 
Canada) were measured using the calibrated closed-path IRGA. The CO 2 concentrations were 
close to those quoted, at 300, 365 and 400 ppm (quoted at 305, 363 and 393 ppm, 
respectively). These standards were used to calibrate all of the IRGAs at the black spruce site 
throughout the 1994 field season. 
1) 1FC93 : routine calibrations 
AS2 was deployed in the field during 1FC93, and nine routine field calibrations were done. 
Values obtained for the gain of the instrument varied between 14.8 - 17.0 ppm V', over a 
range of air temperatures from 6 to 17 T. Figure A2.4(a) shows the relationship between gain 
and air temperature. Linear regression on all data from this period gave a correlation 
coefficient of 0.08. With the outlying point at about 6 °C removed, the correlation coefficient 
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Figure A2.4 CO2  calibration of the AS open-path IRGAs, 
plotted against (a) air temperature in the field and the lab., 
and (b) temperature of the instrument head, and of the gas 
inside it. Graph (c) shows a typical set of calibrations taken 
10 minutes apart at the same temperature. 
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2) Laboratory calibrations 
The temperature dependence of the CO 2  gain, demonstrated above for AS2 in the field, was 
investigated for AS 1, with all instrumentation and logging equipment in a temperature-
controlled environment. Calibrations were done over a range of temperatures: 10, 20, 25, 30, 
35 and 40 °C. Each time the temperature was changed the environment was given sufficient 
time to stabilise (up to an hour). The calibration was done twice at each temperature, and the 
voltage output from the analyser recorded at each gas concentration. The time spent on each 
pair of calibrations was approximately 15 minutes. Thermocouples were used to measure 
ambient air temperature, gas temperature inside the calibration hood, and the temperature on 
the outside of the AS instrument head. The thermocouples were logged on a data logger (2 lx, 
Campbell Scientific (UK) Ltd. Loughborough, UK). The panel reference temperature of the 
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Figure A2.5 Gains obtained in the field for the CO2  calibration of the AS IRGAs, plotted 
against (a) air temperature and (b) temperature of the instrument head. 
Little difference was found between the two calibrations done at each temperature, although a 
drift in offset of ± 200 mV was seen over the course of the 15 minutes (Figure A2.4c). This 
drift is substantially larger than that of 10 mV per hour quoted by Ohtaki and Matsui (1982). 
Over the range of temperatures, the calibrations obtained ranged from 17.24 - 23.81 ppm V 1 , 
with the lower values occurring at lower temperatures. Figure A2.4(a) shows the relationship 
between gain and air temperature. Linear regression on the data showed the gain of AS 1 to 
vary significantly with air temperature (r2  = 0.93 6), temperature of the instrument head (r2 = 
0.915) and the temperature of the gas inside the calibration hood (r2 = 0.890) (see Figure 
A2.4(a,b)). The relationship with air temperature was similar to that found from the field data 
as described above for AS2, with a slope of 0.23 ppm V °C'. 
BORE.4S94 : routine calibrations 
The AS were calibrated in the field each time the instruments were used to measure CO 2 
fluctuations. The calibrations were done in the evening. 15 calibrations were obtained over a 
range of air temperatures from 10 to 26 °C. The gains obtained for CO 2 ranged from 16 - 21 
ppm V 1  for AS 1, and from 15 - 22 ppm V' for A52. A linear regression showed that no 
significant relationship could be discerned between gain and air temperature, for either 
analyser, for this data set (Figure A2.5a) (r2 = 0.26 for AS 1, r2 = 0.01 for AS2). 
B OREA S94 : temperature dependence study 
Following the results of the calibrations in 2) thermocouples were attached to the AS 
instrument heads to monitor head temperatures during calibrations. Calibrations were done 
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several times throughout the day on each of four days (DOY 188, 189, 202, 203) in order to 
obtain a wide range of temperatures. The results are shown in Figure A2.5(b). The gains 
ranged from 16 - 25 ppm V for AS!, and from 15 - 19 ppm V' for AS2. In neither case was 
a significant relationship found between gain and head temperature (r2 = 0.01 for AS 1, r2 = 
0.22 forAS2). 
A2.3.2 Spectra 
Power spectra of CO 2  fluctuations were calculated for DOY 149, 151 and 152, for 
measurements made at 2.6 h. The results from DOY 149 are shown in Figure A2.6(a). It can 
be seen that the power spectra for both instruments are dominated by noise (indicated by a 
slope of +1) at frequencies higher than about 0.2 Hz. This pattern was also evident on DOY 
151 and 152. The cospectra of w and CO2  (Figure A2.6b) are much noisier than those for 
water vapour fluxes. Because the cospectral densities have been normalised by the covariance, 
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Figure A2.6 (a) Power spectra of CO 2  flucutations from the AS open-path IRGAs and 
(b) cospectra of w and CO2 measured at 2.6 h on DOY 149. Each curve is the average 
of five half-hour periods. 
A2.3.3 Time traces 
Figure A2.7 shows a time trace of CO 2  as calibrated fluctuations from the 200-second running 
mean. A graph of this sort would be expected to show fluctuations around zero, whereas the 
fluctuations shown in Figure A2.7 are almost all higher than the running mean. This suggests 
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Figure A2.7 Time trace of fluctuations of CO2 about a 200 s running mean. The data are 
taken from a half-hour measurement file from DOY 149 at 2.6 h. 
magnitude and direction of the fluctuations, and thereby introduces large errors into the flux 
calculations. A running mean of less than 200 seconds would not adequately remove trends 
from other atmospheric variables, such as vertical wind speed, so associated fluxes would still 
be in error (McMillen, 1988). 
A2.4 Conclusions 
The gains obtained for the AS analysers for fluctuations of water vapour were close to values 
obtained in previous experiments. This reinforces the knowledge that the gain for water 
vapour in these open-path IRGAs is stable. 
The variation in gain for CO2  of the AS IRGAs shows a relationship with temperature in 
laboratory conditions. The implication of this for data processing is that a different gain 
should be used for each data file depending on ambient air temperature, or temperature of the 
instrument itself. However, this relationship was not apparent during calibrations done in the 
field. There are several factors that may account for this. Firstly, air temperature, insolation 
and wind speed all vary within the time span of the calibration, causing variability in the gain 
during the calibration procedure itself. Secondly, the calibration hoods may not fit sufficiently 
snugly over the analyser heads to exclude all ambient air, especially during periods with high 
or gusty winds (P. Jarvis, pers. comm.). Furthermore, the amount of variation in the gains 
obtained both in the field and in the laboratory (15 - 25 ppmlV) is not large enough to account 
for the degree of underestimation of the measured CO 2 fluxes. 
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Appendix A.3 
DATA ANALYSIS SOFTWARE 
This appendix gives a brief description of the programs that were used to process the high-
frequency turbulence data that were collected for this study. For further details see 
McCracken, 1993. 
A3.1 Eddy q.pas: Turbulence statistics and turbulent fluxes 
This program detrends the raw data using a running mean (Section 3.3. 1) with a time constant 
of 200 s. A data file is processed one line at a time. Each instantaneous fluctuation is taken to 
be the instantaneous value minus the simultaneous value of the running mean. The 
fluctuations are calibrated, with reference to a calibration file that holds the gain and the offset 
specific to the instrument being logged in each channel. Turbulence statistics, and the 
covariances representing the turbulent fluxes of sensible heat (and also latent heat and CO 2 if 
an IRGA is being logged) are built up according to the equations presented in Chapter 2, 
where N equals the number of lines in a file. 
Co-ordinate rotations need to be applied to data from the 3-D sonic anemometers (three 
rotations for measurements made above the canopy, and one rotation for measurements within 
the canopy). An initialisation file allows the user to state whether each anemometer is above or 
below the canopy, and whether it is to be rotated. The existing version of Eddyq.pas was set 
up to deal with three some anemometers, where the third one was a 1-D instrument and 
therefore un-rotated. This was modified to enable any of the sonic anemometers to be 1-D or 
3-D, thereby allowing greater flexibility. The appropriate rotations are applied to the statistics 
and fluxes at the end of each file, based on the mean u, v and w velocity vectors (after 
McMillen, 1986). 
A3.2 Quad pas :Quadrant analysis 
The quadrant analysis program is fundamentally the same as that described above for 
calculating turbulent statistics and fluxes. The first run through each data file produces the 
mean fluxes of momentum and scalars and the 3-D wind velocity information necessary for 
applying co-ordinate rotations. The second run proceeds through the file, applying rotations to 
each line of data, and assigning u 'w'  and instantaneous scalar fluxes into quadrants according 
the sign of the velocity fluctuations (see Chapter 2, Section 2.5). The fluxes are also assigned 
to bins relating the instantaneous flux to the magnitude of the mean flux. The program used in 
this thesis was rewritten from the existing program, to remove some errors. 
183 
A3.3 Corr_FFT.pas : Spectral analysis and autocorrelation 
The program for doing spectral analysis divides each data file up into blocks of 2048 data 
points, and performs a fast Fourier transform (FFT) on each block of data. (Fourier analysis 
is not described here; for details see Stull (1988) Before the FFT is applied, the data is 
detrended by subtracting the block mean from each of the data points. The data is tapered with 
a 10 % bell taper (5 % at each end of the data block). The spectral distribution is calculated 
for each data block, and then the inverse Fourier transform is applied to obtain the 
autocorrelation function. This is done for 15 contiguous blocks of data in each 30 minute file, 
and the final result is the average of the FFT analysis on the individual blocks. The block 
length of 2048 data points corresponds to 112 s (almost two minutes). This is the lowest 
frequency signal that could be resolved by the program. The output from the autocorrelation 
function is the value of the autocorrelation at a series of lags. These data were then read into a 
simple program that calculated the time-scale associated with the first zero-crossing of the 
autocorrelation function. The existing FFT program was inflexible about the number of 
rotations that were applied to the data, performing either two or none. To overcome this 
problem, a modified version of Quad.pas was created, which rotates the u, v and w 
components one line at a time, doing three rotations for above-canopy measurements and one 
for within-canopy measurements. Each line of rotated data was then output into a new 'raw' 
data file, with exactly the same format as the original data file. These new files were then used 
as input to CorrFKTpas, which itself performed no co-ordinate rotation on the data. 
Total frequency losses for turbulent fluxes, measured by eddy covariance, were calculated 
using a Mathcad program written by Jon Massheder. This uses the individual transfer 
functions for system frequency losses and integrates them to give an overall attenuation 
coefficient, dependent upon stability and wind speed for a given instrument set-up. The 
existing program calculated corrections for fluxes measured with a 3-D anemometer and an 
IRGA. This was slightly modified to incorporate the frequency corrections associated with a 
1 -D sonic anemometer, and a sigma-t sensor. Total transfer functions were calculated for 
cospectra using an Excel spreadsheet that incorporates the individual transfer functions. 
A3.4 Sigistatpas : Statistics of temperature fluctuations 
A simple program was written to calculate the standard deviation, skewness and kurtosis for 
each channel of data in the input file. The running mean procedure is the same as in 
Eddyq.pas and Quad.pas. This program was intended to be run on data from the fast-response 
thermocouples, so there are no co-ordinate rotation routines. 
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